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Fabrication and characterization of single-crystal
diamond photonic cavities
AĶňŉŇĵķŉ
Cavity quantum electrodynamics provide a platform to form a quantum net-
work which connects individual quantum bits (qubits) via photon. Optical cavity,
a devicewhich traps photons in a conėned volume can enhance the interaction be-
tween photons and the qubits serves as fundamental building block for a quantum
network. Nitrogen vacancy (NV) centers in diamond has emerged as one of the
leading solid-state qubits because of its long spin coherence time and single pho-
ton emission properties at room temperature. Diamond optical micro-cavities are
highly sought aěer for coupling with NV centers. Fabrication of optical cavities
from nano-crystalline diamond ėlm has been demonstrated previously. ĉe qual-
ity factor (Q) of such devices was limited by the material properties of the nano-
crystalline diamond ėlm. Fabrication of single-crystal diamond photonic cavities
is challengingbecause there is no trivialway to form thindiamondėlmwithoptical
isolation. In this thesis, we describe an approach to fabricate high quality single-
crystal diamond optical cavities for coupling to NV centers in diamond.
Single-crystal diamondmembranesweregeneratedusing an ion-slicingmethod.
Whispering gallery modes were observed for the ėrst time from microdisk cavi-
ties made from such material. However, the cavity Q ( Ǎǈǈ) was limited by the
ion damage created during processing. By using an homo-epitaxial overgrowth
method, a high quality diamond ėlm can be grown on the ion damaged mem-
iii
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branes. Microdisk cavities with Q  ǋ,ǈǈǈ were fabricated on these improved
materials. Diamond membranes with a delta-doped layer of NV can be made us-
ing a slow overgrowth process which demonstrate the position and density of NV
centers can be controlled in these membranes. Photonic crystal cavities with Q
 ǌ,ǈǈǈ were fabricated from the delta-doped membranes with cavity resonance
near the zero phonon line of NV centers. Diﬀerent color centers can also be in-
troduced during the overgrowth process, and optical coupling of an ensemble of
silicon vacancy centers is demonstrated by coupling to a diamond microdisk cav-
ity. Webelieve the techniques developed in this thesis could contribute to building
of a quantum photonic network using diamond as a platform.
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Introduction
ǉ.ǉ OŋĹŇŋĽĹŌ
ĉe negatively charged nitrogen vacancy (NV) centers in diamond have emerged
as a leading physical system for solid-state quantum information processing (QIP)
[ǉ, Ǌ]. ĉe NV center possesses many extraordinary physical properties: it has a
long electron spin coherence time [ǋ], its ground state electron spins can be op-
ǉ
tically read out and polarized, and it could be the basis of a single photon source
[ǌ, Ǎ]. Most importantly all the above properties hold true at room temperature.
Recent demonstrations of coherent manipulation of ground state electron spins
[ǎ], spin-photon entanglement [Ǐ], two photon interference [ǐ, Ǒ] and entangle-
ment of distant spins in diamond [ǉǈ] further motivates building of a quantum
photonic network to entangle distant NV centers in diamond [Ǌ, ǉǉ, ǉǊ].
Several technological challenges need to be overcome in order to build a quan-
tum photonic network usingNV centers. First, eﬃcient collection of photon from
NV centers is required. Second, modiėcation of intrinsic emission properties of
NV centers allows more photons to be emiĨed. ĉird, positioning the NV cen-
ters with high spatial resolution within an optical cavity is crucial for scaling up
the quantum network. ĉe ėrst two challenges could be circumvented by shaping
materials into diﬀerent photonic structures, which has been demonstrated in III-V
semiconductormaterials [ǉǋ]. ĉe third task is very challenging even inmorema-
ture solid-state system (e.g. self-assembled quantum dots in III-V semiconductors
[ǉǌ]). However, recent breakthroughs in diamond growth and material process-
ing may shed light on overcoming such challenges[ǉǍ, ǉǎ].
In this thesis, we focus on developing fabrication techniques tomake high qual-
ity diamond photonic cavities [ǉǏ]. An ion-slicing method was developed to fab-
ricate single-crystal diamondmembranes [ǉǐ]. Photonic cavities with quality fac-
tors up to a few thousand were fabricated by improving the membrane quality us-
ing growth techniques [ǉǑ]. Combining with diamond overgrowth methods, the
approach presented in this thesis provides an opportunities to fabricate integrated
Ǌ
photonic network with NV centers in controlled positions.
ǉ.Ǌ NV ķĹłŉĹŇň Ľł ĸĽĵŁŃłĸ
Diamond is a material with extreme material properties. It is well known for its
hardness whichmakes it popular as a cuĨing tool. Its bio-compatibility and chem-
ical inertness makes diamond an aĨractive material for bio-sensing applications
[Ǌǈ–ǊǊ]. It is a semiconductor with a wide electronic band gap  Ǎ.Ǎ eV which
makes it suitable for high power operations. Diamond also has a high thermal con-
ductivity whichmakes it a good heat sinkmaterial. Besides all these extreme qual-
ities, diamond is also amaterial host of more than ǉǈǈ diﬀerent defect centers that
emit light [Ǌǋ]. Many of these color centers have aĨracted much aĨention in re-
cent years as solid-state based single photon emiĨers [Ǌǌ], such as the NV centers
[ǌ, Ǎ], the silicon vacancy (SiV) centers [ǊǍ] and the chromium centers [Ǌǎ]. In
this section we will focus on the negatively chargedNV centers in diamond which
have been most heavily investigated out of all these color centers because of their
unique spin properties.
ĉe NV centers in diamond consist of a substitiutional nitrogen atom with a
neighboring vacancy site in the diamond laĨice, as shown in Figure ǉ.Ǌ.ǉ(a). ĉe
NV centers have a symmetry axis along the <ǉǉǉ> crystal axis. ĉe NV centers
could be in two diﬀerent charged state, the negatively charged state (NV ) or the
neutrally charged state (NVƤ). In the remainder of this thesis we refer to the neg-
atively charged state as the NV center. ĉeNV center is commonly modeled with
six electrons; three electrons from the adjacent carbon atoms, two from the sub-
ǋ
Figure 1.2.1: (a) The negatively charged Nitrogen-vacancy centers consist
of subsitutional nitrogen with a neighbor vacancy site in a diamond lattice.
(b) The ground state of NV centers is a spin triplet, the excited states are
1.945 eV above the ground state. There is a singlet dark state in between the
ground states and the excited states which is responsible for the ISC and lead to
ODMR and optical spin polarization. Figure 1.2.1(a) is adapted from [24] with
permission.
stitutional nitrogen atom and an extra electron, making it negatively charged.
ĉe electronic levels of NV centers are shown in Figure ǉ.Ǌ.ǉ(b). ĉe ground
state of NV centers is a spin triplet with a zero-ėeld spliĨing of Ǌ.ǐǐ GHz between
the spin state mS = ǈ and the spin states mS = ǉ, quantized along the symme-
try axis, the <ǉǉǉ> crystal axis [ǊǏ]. ĉe excited states are ǉ.ǑǌǍ eV above the
ground state with a singlet dark state ǌǈmeV below the excited states [Ǌǐ]. ĉe
energy of NV center ground state is Ǌ.ǎ eV below from the conduction band and
Ǌ.Ǒǌ eV above from the valence band which makes it well protected from thermal
Ěuctuation even under room temperature environments [ǊǑ].
ǌ
ǉ.Ǌ.ǉ SńĽł PŇŃńĹŇŉĽĹň
ĉe ėrst optically detected magnetic resonance (ODMR)measurement fromNV
centers was demonstrated in ǉǑǑǏ [ǋǈ]. Figure ǉ.Ǌ.Ǌ shows an ODMR dip mea-
sured from theNVcenters in a bulk diamond grown via chemical vapor deposition
(CVD ). A ǍǋǊ nm laser excitation is used to excite the electrons from the ground
states of the NV centers to the excited states. ĉe Ěuorescence signal is collected
through a confocal microscope and sent to an avalanche photo-diode (APD).ĉe
spin state-dependentĚuorescence contrast occursbecauseof the inter-systemcross-
ing (ISC), where the electrons in the excited states with spin states mS =ǉ relax
into the singlet dark state preferentially, compared to the excited states with spin
state mS = ǈ [ǊǏ, ǋǉ]. Since the optical excitation from the ground states to the
excited states follows the optical selection rule (optical transition occurs only if
ΔmS = ǈ), the photon emission rate for the optical transitions from the mS =ǉ
spin state is ǉǈ times smaller compared to the transitions from the mS = ǈ state
[ǋǊ]. ĉe Ěuorescence contrast can be observed when the electrons in the ground
state are populated into the mS =ǉ state by a microwave excitation. ĉe ground
state spins can be re-initialized by using a linearly polarized laser excitation which
preferentially pumps the electrons in the ground state with spin state mS = ǈ [ǋǋ].
ĉere are many diﬀerent spin relaxation mechanisms. In this thesis, three dif-
ferent relaxation times are used to characterize the spin properties of NV centers
in the diamond membranes. ĉe ėrst one is the spin-laĨice relaxation time (Tƥ)
which characterizes the energy relaxation mechanism. ĉe Tƥ time determines
Ǎ
Figure 1.2.2: ESR dip could be observed from NV centers by applying an AC
magnetic ﬁeld with varying frequencies. When the frequency of the oscillating
magnetic ﬁeld was in resonance with the zero-ﬁeld splitting of the ground state
levels, electrons were populated in the mS = 1 state, reduced ﬂuorescence
from NV centers due to inter-system crossing (ISC) would occur and caused the
ﬂuorescence dip. This measurement was performed on a CVD diamond from
Element SixTM in Amir Yacoby’s lab with Patrick Malentinsky and Sungkun
Hong.
ǎ
how long an electron can stay in the spin state and the change of spin state nor-
mally occurs through interactions with laĨice vibration (phonons). ĉe Tƥ time
sets the upper limit for the spin coherence time (TƦ) which is a phase relaxation
time. ĉeTƦ time allowus to knowhow long the electron spin states can keep their
phase for a single spin. ĉe TƦ time can be measured from an ensemble of spins
using the Hahn echo techniques by ėrst leĨing the spin state freely precess for a
given time τ then apply a π-pulse which turn the spins ǉǐǈ about the axis nor-
mal to the plane of precession and let the spin freely evolve for time τ, therefore,
the inhomogenous distribution of the precession rates for diﬀerent spins will be
compensated. ĉe TƦ time needs to be much longer than the manipulation time
of electron spin for quantum error correction [ǋǌ]. ĉe third relaxation time scale
is the transverse inhomogeneous dephasing time (TƦ) which is described in equa-
tion ǉ.ǉ. ĉeTƦ determines how fast the phase of the spin randomized during free
evolution. ĉerefore, the manipulation time needs to be greater than TƦ for high
ėdelity control over the spin.
ƥ
TƦ
=
ƥ
TƦ
+
ƥ
Tinh
(ǉ.ǉ)
Diamond is an ideal material host for the spin defects because the weak spin-
orbit interaction and the nuclear-spin free environment (naturally abundant ƥƦC is
Ǒǐ.Ǒ%). Electron spin coherence time (TƦ) on the order of ǉ ms was observed at
room temperature in a ƥƦC isotopically puriėed diamond [ǋ]. Coherentmanipula-
tion of the ground state electron spins in a singleNV center was ėrst demonstrated
in Ǌǈǈǌ by using an oscillating magnetic ėeld [ǎ] and recently demonstrated by
Ǐ
Figure 1.2.3: (a) The room temperature PL spectrum of NV centers measured
using a confocal microscope with 532 nm laser excitation. The spectrum consists
of a zero phonon line centered at 638 nm for the NV  state and a broad phonon
side band extended to 800 nm. (b) PL spectrum of NV centers was measured at
40 K. ZPL of both NVƤ (centered at 575 nm) and NV  (centered at 638 nm)
were observed. Phonon side band was still observed even at low temperature.
using an optical ėeld [ǋǍ]. With these unique properties, the NV centers have at-
tracted much more aĨention as a solid-state spin qubit.
ǉ.Ǌ.Ǌ OńŉĽķĵŀ PŇŃńĹŇŉĽĹň
A single NV center could be imaged by collecting the photoluminescence (PL)
signal from the NV center using a confocal microscope with ǍǋǊ nm laser exci-
tation [ǋǊ]. ĉe PL spectrum of the NV centers in diamond, shown in Figure
ǉ.Ǌ.ǋ, consists of a zero phonon line (ZPL) transition of negatively charged NV
center (NV ) centered at ǎǋǐ nm and a broad phonon side band ranging from
ǎǋǐ nm until ǐǈǈ nm. Even at low temperature, a signiėcant amount of energy
still goes into the phonon side band due to the good electron-phonon coupling
(low branching ratio into ZPL, ǌ% at ǌ K) which is shown in Figure ǉ.Ǌ.ǋ(b).
ĉe Ěuorescence lifetime of NV centers is typically ǉǋ ns.
ǐ
ǉ.ǋ CĵŋĽŉŏQED
Much progress has been made in semiconductor micro-cavities, due to the rapid
progress in semiconductor fabrication technology. Optical cavities withQ greater
than ǉǈƪ have been fabricated in fused silica [ǋǎ]. Photonic crystal cavities with
smaller modal volumes have beenmade to couple to a single self-assembled quan-
tum dot [ǋǏ].
ǉ.ǋ.ǉ CĵŋĽŉŏ: FĽĻŊŇĹň Ńĺ ŁĹŇĽŉ
ĉe quality factor (Q) of an optical cavity is described as the energy dissipation
per optical cycle [ǋǐ]. ĉe cavity Q determines how long photons can be trapped
within the cavity. Optical loss is normally described by an exponential decay in
time. ĉerefore, Q can be determined by looking at the full width at half maxi-
mum (FWHM) of the cavity mode resonance in the frequency domain, ėĨed by
a Lorentzian proėle (Equation ǉ.Ǌ).
Q = ωcav
Δωcav
(ǉ.Ǌ)
ĉe ωcav is the resonance frequency of the optical cavity and the Δωcav is the
FWHM of the cavity mode resonance. ĉe cavity Q can be limited by diﬀerent
loss mechanisms including scaĨering loss due to fabrication imperfection and the
material re-absorption.
Another key ėgure ofmerit for an optical cavity is themodal volume (V)which
Ǒ
describes the spatial photon conėnement in the cavity (Equation ǉ.ǋ).
Vmode =
R
V
ε(r)jE(r)jƦdƧr
max[ε(r)jE(r)jƦ] (ǉ.ǋ)
ĉe Vmode is the modal volume of the cavity mode. ε(r) is the permiĨivity of
the material at a give position r. E(r) is the electriėc ėeld at a given position. ĉe
smaller themodal volume the stronger the interaction strength. For dielectric cav-
ities, the modal volume is limited by the diﬀraction limit.
ǉ.ǋ.Ǌ WĹĵĿ ķŃŊńŀĽłĻ ŇĹĻĽŁĹ: PŊŇķĹŀŀ ĹłļĵłķĹŁĹłŉ
All of the emiĨers considered in this study have physical dimensionsmuch smaller
than the optical wavelength. ĉerefore, the dipole approximation is valid in gen-
eral. ĉe Purcell enhancement can be derived using time-dependent perturbation
theory with the Hamiltonian of dipole interaction, H = d  E, where d is the op-
tical dipole moment of the emiĨer and E is the electric ėeld [ǋǑ]. ĉe Purcell en-
hancement (FP), which deėnes the change of spontaneous emission ratewhen the
emiĨer is coupled to a cavity mode (Γcav) compared to the spontaneous emission
rate in vaccum (ΓƤ), can be expressed as the following equation ǉ.ǌ [ǌǈ].
FP =
Γcav
ΓƤ
=
Ƨ
ƨπƦ
Q
Vmode
(
λcav
n
)Ƨ (ǉ.ǌ)
Where λcav is the resonance wavelength of the cavitymode, assuming the cavity
mode has complete spectral overlap with the emiĨers it is coupling to. Additional
factors need to be taken into account to determine the coupling strength between
ǉǈ
the cavity mode and emiĨer, including: ǉ. spectral overlap, Ǌ. spatial overlap, ǋ.
dipole orientations [ǌǉ]. Since the color center emission is normally ėxed, the
spectral overlap requires the cavity mode wavelength to be in resonance with the
color center emission. In most cases, the positions of NV centers are randomly
distributed within the sample, and therefore, spatial overlap between the cavity
mode and a single NV center is by chance. In order to have maximum coupling,
the dipole orientation needs to be parallel or anti-parallel to the electric ėeld of the
cavity mode.
ǉ.ǌ DĽĵŁŃłĸQŊĵłŉŊŁ PļŃŉŃłĽķň
ĉere has beenmuch progress in fabricating photonic structures on diamond [ǉǊ,
ǌǊ–ǌǌ]. Fabrication of nano-pillar structures [ǌǍ] and solid immersion lens [ǌǎ]
from diamond have enabled ǉǈ-fold enhancement in photon collection eﬃciency
from NV centers. In the mean time, single-shot readout of electron and nuclear
spins from the NV centers with high ėdelity have been demonstrated [ǌǏ, ǌǐ].
With the ėne tuning of the NV ZPL using the Stark eﬀect [ǌǑ], two photon in-
terference from distant NV centers has been achieved [ǐ, Ǒ]. With engineered
photonic structures and beĨer control over the optical and spin properties of NV
centers in diamonds, heralded entanglement of distant spins in diamond has been
recently realized [ǉǈ]. Such results promote theNVcenters into one of the leading
candidates for solid-state quantum information processing (QIP) [ǉǉ, Ǎǈ, Ǎǉ].
Despite the many successful proof of principle demonstrations, there are still
many technological challenges to overcome. First, even with the ǉǈ-fold enhance-
ǉǉ
ment of photon collections from the engineered photonic structures, the NV cen-
ters still suﬀer from the low branching ratio ( ǌ%) into theNVZPL.Oneway to
resolve this problem is by building diamond optical cavities to resonantly enhance
theNVZPL transition. Microdisk cavities and photonic crystal cavities have been
fabricated from nano-crystalline diamond thin ėlms [ǍǊ, Ǎǋ]. However, the cav-
ity Q is limitedmainly by the absorption from defects in the grain boundaries and
the poor polycrystalline material quality. ĉerefore, fabrication of photonic struc-
tures from high quality single-crystal diamondmaterial is desirable to improve the
device performance. Fabrication of photonic structures out of single-crystal di-
amond still remains challenging. Until today, there has been no demonstration
of heterogeneous growth of high quality single-crystal diamond over a large area
(mm-scale). Such technological constraints limit the possibility to use a heteroge-
neous sacriėcial layer to create a suspended air-dielectric-air geometry that is re-
quired for optical conėnement. With the recent breakthrough in creatingdiamond
membranes that are Ǎ-Ǌǈ μm thick using a laser ablation methods (from Element
SixTM), high Q cavities could be fabricated by thinning the diamond membranes
down to few hundred nanometers [Ǎǌ–ǍǏ]. Such breakthrough have enabled ėrst
demonstration of resonant enhancement of NV ZPL in membranes using micro-
ring resonators [Ǎǌ], photonic crystal cavities [Ǎǎ], and integrated photonic struc-
tures [ǍǍ, ǍǏ, Ǎǐ].
Another challenge to scaling up the diamond photonic network is controlling
the position of NV centers. ĉere have been eﬀorts on placing the NV centers
with high spatial resolution through nitrogen implantation [ǉǍ, ǍǑ]. However, the
ǉǊ
quality of the NV centers degrades using such an approach, due to the ion dam-
age. ĉere has been a recent breakthrough by introducing a sheet of NV centers
with good spin coherence properties in a controlled position by growing a nitro-
gen delta-doped layer on bulk diamond [ǉǎ]. Such growth techniques have en-
abled magnetic ėeld sensing of NMR signal from protons in an organic polymer
[ǎǈ]. Hopefully by controlling the position of the NV centers and by fabricating
high quality diamond photonic devices, a quantum network could be built using
a diamond chip.
ǉ.Ǎ CŃłŉŇĽĶŊŉĽŃł ĵłĸ ŃŇĻĵłĽŐĵŉĽŃł Ńĺ ŉļĽň ŌŃŇĿ
In this thesis, we developed processing techniques to fabricate high quality dia-
mond cavities on single-crystal diamond membranes. ĉe diamond membranes
were fabricated using a variation of the ion-slicingmethod developed in the ǉǑǑǈ’s
[ǎǉ]. ĉis technique produced suspended microdisk structures [ǎǊ] and micro-
ring structures [ǎǋ], but with no observation of optical modes. Such results, lead
to our investigation which is described in chapter Ǌ. By liěing oﬀ the diamond
membranes from the bulk diamond, the material quality of the diamond mem-
branes can be probed independently by using Raman spectroscopy and PL mea-
surements. ĉrough our study, the inĚuence of ion damage to the diamondmem-
branes is revealed by a broadened, shiěed ėrst order diamond Raman line [ǉǐ].
Microdisk cavitieswere fabricatedon the liěed-oﬀmembranes. Whisperinggallery
modes (WGMs) were observed for the ėrst time using the ion-slicing approach
and the cavity Q was limited to Ǎǈǈ, which is comparable to the microdisk cav-
ǉǋ
ities made in nano-crystalline diamond ėlm [ǍǊ]. ĉe cavity Q limitation was
thought to be due to the ion damage during processing. ĉis result led us to ėnd
other ways to improve the material quality of diamond membranes. In chapter ǋ,
we describe a way to fabricate high quality diamond membranes by performing a
diamond overgrowth on the liěed-oﬀ membranes using plasma-enhanced chem-
ical vapor deposition (PECVD). ĉe overgrown material showed a narrower Ra-
man line ( Ǌ.Ǎ cm ƥ) compared to the ion damaged membranes ( Ǒ.Ǒ cm ƥ).
Microdisk cavities fabricated from the overgrown material showed higher Q (
ǋ,ǈǈǈ) compared to the cavities fabricated fromthe iondamagedmembranes. ĉese
encouraging results further allowed the demonstration of high quality photonic
devices using the ion-slicing method.
Strong NV luminescence was observed from the overgrown membranes. ĉe
spin properties of NV centers in the overgrown membranes was characterized by
BobBuckley andChristopher Yale inDavidAwschalom’s lab atUCSB.ĉeTƦ spin
coherence time observed ( ǋμs) was good for ensemble measurement. SiV cen-
ters can also be incorporated during the growth by placing diamond membranes
on a diﬀerent holding substrate (e.g. Si). With the improved cavity performance
and incorporation of the SiV centers, evidence of optical coupling ofWGM (Q
Ǌ,Ǎǈǈ) with the SiV centers was observed from a diamond microdisk cavity.
In order to couple the cavity mode with a single NV center, the NV density
needs to be controlled. In chapter ǌ, in collaboration with the UCSB group, di-
amond membranes were grown with and without introduction of nitrogen. ĉe
un-doped membrane exhibited no NV Ěuorescence and a Raman linewidth as
ǉǌ
narrow as the bulk CVD diamond. From the nitrogen-doped membranes, strong
NV Ěuorescence was observed. ĉis demonstrated that NV density could be con-
trolled by adjusting growth conditions using a good PECVD reactor. Microdisk
cavities with Q Ǌ,Ǒǈǈ were fabricated on the un-doped membranes suggesting
high quality photonic devices could be made from these tailor-made membranes.
With recent advances in diamond growth techniques, diamond membranes with
a ƥƩN delta-doped layer were grown on ion-implanted bulk diamond substrate by
Kenichi Ohno at UCSB. ĉe ƥƩN delta-doped membranes exhibited narrow Ra-
man characteristics and NV Ěuorescence. In chapter Ǎ, undercut photonic crystal
cavity structures were fabricated by bonding the diamondmembranes to PMMA.
Photonic crystal cavities with Q ǌ,ǈǈǈ and V ǈ.ǌǏ (λ/n)Ƨ were fabricated on
the ƥƩNdelta-dopedmembranes. ĉis result proves that high quality devices could
be fabricated from the engineered material.
We believe the process techniques developed in this thesis pave the way to fab-
ricate high quality diamond membrane with predetermined NV position. ĉis
could lead to building a platform for integrated quantum network using NV cen-
ters in diamond.
ǉǍ
2
Fabrication and characterization of
single-crystal diamondmembranes
Ǌ.ǉ IłŉŇŃĸŊķŉĽŃł
Microdisk cavities and photonic crystal cavities have been fabricated from nano-
crystalline diamond thin ėlm [ǍǊ, Ǎǋ]. However, the cavity Q is limitedmainly by
ǉǎ
the absorption from defects in the grain boundaries and the poor material qual-
ity due to its polycrystalline nature. ĉerefore, fabrication of photonic structures
from high quality single-crystal diamond material is desirable to improve the de-
viceperformance. Fabricationofphotonic structuresoutof single-crystal diamond
still remains challenging. Until today, there has been no demonstration of het-
erogeneous growth of high quality single-crystal diamond. Such technological
constraints limit the possibility to use a heterogeneous sacriėcial layer to create
a suspended air-dielectric-air geometry that is required for optical conėnement. A
promising approach tomake high quality diamond photonic devices is to fabricate
single-crystal diamond membranes that are few hundred nanometers thick using
ion slicing methods [ǎǉ, ǎǌ]. ĉe single crystal diamond membranes can be put
on a dielectric substrate with lower refractive index compared to diamond in order
to preserve the optical conėnement.
In this chapter we describe the experimental studies on the material quality of
single-crystal diamond membranes fabricated using the ion slicing method. Dia-
mondmembranes with ǉ.Ǐ μm thickness were fabricated ėrst using ion implan-
tationwith suﬃcient iondose to create a heavily damaged layer buried in diamond.
ĉe heavily damaged layer was then selectively removed using an aqueous elec-
trochemical process that has been reported previously [ǎǊ]. ĉe diamond mem-
braneswere liěed oﬀ by complete removal of the heavily damaged layer and subse-
quently transferred to diﬀerent dielectric substrates for device fabrication or opti-
cal characterization. ĉe inĚuence of the ion damage to the diamond membranes
was characterized using Raman and micro-photoluminescence (μ-PL) measure-
ǉǏ
ments. By etching diﬀerent sides of the diamond membranes, the regions that
experienced diﬀerent amounts of ion damage can be characterized independently
[ǉǐ]. ĉenear surfacediamondmembraneexperienced less iondamageand showed
bright NV-like luminescence and narrower ėrst order diamond Raman line ( ǉǈ
cm ƥ) compared to the more damaged layer. However, the ėrst order diamond
Raman linewas still broader compared to bulk diamond andno electron spin reso-
nance (ESR) signatureofNVcenterswasobserved fromthediamondmembranes.
Whispering gallery modes (WGM) were observed from microdisk cavities fab-
ricated from the liěed oﬀ diamond membranes, where the more damaged layer
was etched away. Microdisk cavities fabricated from such diamond membranes
showed Q Ǎǈǈ. Further improvement of the cavity Q can be made by improv-
ing the material quality of the diamond membranes.
Ǌ.Ǌ FĵĶŇĽķĵŉĽŃł Ńĺ ĸĽĵŁŃłĸŁĹŁĶŇĵłĹň
Ǌ.Ǌ.ǉ HĽňŉŃŇŏ ŊňĽłĻ ĽŃł ňŀĽķĽłĻ ŁĹŉļŃĸ
Fabrication of large sheet of single-crystal diamond membranes (mm-scale in lat-
eral dimension) from bulk diamond samples was ėrst demonstrated in the ǉǑǑǈ’s
using a high energy (ǌ-Ǎ MeV) ion implantation followed by a thermal annealing
process [ǎǉ]. ĉe high energy ions penetrate into the diamond laĨice and create a
heavily damaged layer near the end of the ion range via nuclear collision processes
[ǎǍ]. It is known that once the ion dose exceeds a certain threshold (critical dose),
the ion damaged layer exhibits a mixture of spƦ and spƧ bonding upon thermal
ǉǐ
annealing [ǎǎ]. ĉe ion range and critical dose are determined by implantation
energy, ion dose, ion species, and implantation temperature. ĉe ion damaged
layer could be selectively removed using various methods including electrochem-
ical etching [ǎǌ], oxygen annealing [ǎǉ, ǎǏ]and boiling acid treatment [ǎǉ].
Diﬀerent photonic structures have been fabricated using the ion slicing meth-
ods. Suspended optical waveguide structures were fabricated by ėrst using a high
energy (ǊMeV) helium ion implantation to create the heavily damaged layer, then
focused ion beam (FIB) paĨerning, followed by selective etching using boiling
acids [ǎǐ]. Because of the high energy and light mass ions that were chosen, the
damaged layer was ǋ.Ǎ μmbelow the surfacewhich leě the device layer too thick
for single mode operation. ĉin diamond micro-rings ( Ǌǈǈ nm) were fabri-
cated using double helium implantations (ǉ.ǐ MeV and Ǌ.ǈ MeV) to create a thin
layer sandwiched between two ion damaged layers that were Ǌǈǈ nm apart [ǎǋ].
However, no optical resonance was observed from those devices. Suspended mi-
crodisk structures were fabricated on a ǉǐǈ KeV Boron implanted bulk diamond
( ǉǍǈ nmbelow surface) followed by an overgrowth of ǊǑǍ nm thick diamond
epitaxial layer. Undercuts were made by selective removal of the heavily damaged
layer using an electrochemical etching process [ǎǊ]. With the overgrown process,
a high quality diamond layerwas expected to growon the device layer, however, no
optical resonance was observed. Two reasons were suspected: one, the ion dam-
age in themicrodisk degraded the optical performance of the devices; second, the
short ( ǉǈǈ nm) cavity-substrate separation compromised the light conėnement
due to evanescent coupling of the cavity ėeld to the substrate. Multiple implanta-
ǉǑ
Figure 2.2.1: Microdisk resonators with large cavity-substrate separation (
700 nm) was fabricated. Four carbon ion implantation were applied to the bulk
substrate with implantation energies 385 KeV, 700 KeV, 850 KeV and 1 MeV
. The sample was annealed at 950 C for 2 hours under nitrogen ﬂow. An
electrochemical etching was used to undercut the structure.
tions were explored to increase the cavity-substrate distance to Ǐǈǈ nm, and no
optical cavity mode was observed. A scanning electron microscope (SEM) image
of the suspended microdisk resonators are shown in Figure Ǌ.Ǌ.ǉ.
All the eﬀorts described above demonstrated that ion slicing could be used to
fabricate photonic structures. But the fact that no optical resonance was observed
lead us to investigate the optical properties of the device layer alone. In order to
measure the device layer alone, we went back to the initial approach developed in
the ǉǑǑǑǈ’s, liěing oﬀ the diamond membranes.
Ǌǈ
Ǌ.Ǌ.Ǌ PŇŃķĹňň ĺŀŃŌ
Figure Ǌ.Ǌ.Ǌ depicts the process Ěow to fabricate diamond membranes from bulk
diamondsamplesusing the ion slicingmethod. Diamondmembraneswere formed
from a type IIa chemical vapor deposition (CVD) diamond sample with dimen-
sions ǌ mm  ǌ mm  ǈ.Ǎ mm and (ǉǈǈ) crystal orientation purchased from
Element Six TM with nitrogen concentration < ǉppm which still has substantial
NV luminescence. ĉe ėrst step was creating a heavily damaged layer in bulk di-
amond using a ǉMeV helium ion beam, with a dose of Ǎ ǉǈƥƪ He+/cmƦ and an
ion current of Ǌ μA (UDH tandem accerlerator ion implanter, National Electro-
statics Corp.). Ion implantation was performed at Ǐ to normal angle to avoid ion
channelling. Post implantation samples were annealed for Ǌ hours at ǑǍǈC under
nitrogen Ěow to facilitate the electrochemical etching/liě-oﬀ [ǎǑ]. Photolithog-
raphy was used to paĨern a Ǌǈǈ nm thick SiOƦ hardmask, deposited by plasma-
enhanced chemical vapor deposition (PECVD) (Surface Technology Systems).
ĉe mask paĨerns was etched into the diamond sample using oxygen inductively
coupled plasma reactive ion etching (OƦ-ICP-RIE) (Unaxis ShuĨleline), yielding
ǊǍǈ μm square mesas. An electrochemical etching process was used to selectively
remove the heavily damaged layer by using two tungsten probe tips in ultra-pure
water (Millipore) under a DC voltage bias at least ǉǈV [ǎǊ, Ǐǈ]. ĉe positively bi-
ased tip contacted the heavily damaged region while the negatively biased tip was
positioned slightly above the substrate (Figure Ǌ.Ǌ.Ǌ). ĉe electrochemical etch
enabled the removal of individual diamond mesas (membranes), which were col-
lected in awater droplet and transferred to a SiOƦ-on-Si substrate via drop-casting.
Ǌǉ
Figure 2.2.2: To fabricate single-crystal diamond membranes, the ion damaged
layer was ﬁrst deﬁned by ion implantation followed by thermal annealing at 950
C for 2 hours. The samples were patterned into mesas using photo-lithography
and inductively coupled plasma reactive ion etching using SiOƦ as hard mask.
The ion damaged layer was selectively removed using electro-chemical etching.
The membranes were transferred to low index dielectric substrate by drop-casting
using a pipette tip. Optical microscope image of the diamond membranes with
dimension 250 μm  250 μm were shown.
An optical micrograph of a liěed oﬀ membrane (ǊǍǈμm  ǊǍǈμm  ǉ.Ǐ μm) is
shown in Figure Ǌ.Ǌ.Ǌ.
Ǌ.Ǌ.ǋ IŁńŀĵłŉĵŉĽŃł ĸĵŁĵĻĽłĻ ńŇŃķĹňň
ĉe implantation energy (ǉMeV) and helium ion was chosen in our experiments
to minimize ion damage near the surface, because the lighter mass of the helium
ion allowed it to penetrate deeper into the diamond laĨice. A Monte Carlo based
soěware program, Stopping Range of Ion in MaĨers (SRIM), was used to predict
ǊǊ
Figure 2.2.3: The position of the ion damaged layer could be predicted by
SRIM simulation. The ion damaged layer was created by a 1MeV helium ion
beam with ion dose 5  10ƥƪ He+/cmƦ. The dark layer in the SEM viewgraph
was the ion damaged layer, its position agreed with the vacancy distribution
calculated by SRIM simulation.
the ion damage (vacancies) proėle. Figure Ǌ.Ǌ.ǋ shows a comparison between the
experimental observed position of the heavily damaged layer compared to the ion
damage proėle based on SRIM simulation. ĉe location of the heavily damaged
layer can be seen using SEM. ĉe good agreement between the ion damage pro-
ėle based on SRIM simulation and the experimental observation suggests that the
ion damaged layer is  ǉ.Ǐ μm into the diamond surface. ĉis result also shows
that SRIM simulation can be used to predict the position of the ion damaged layer
which determines the thickness of the diamond membranes.
Diamond membranes with diﬀerent thicknesses can be fabricated by choosing
the ion species and the implantation energy. SRIMsimulation provided an estima-
Ǌǋ
tion of the position of the heavily damaged layerwhich determines the thickness of
the membranes. Although there have been several demonstrations of membrane
liě-oﬀ using the ion slicingmethod and even on the inĚuence of ion damage using
cross section Raman measurements [Ǐǉ], there has been no study on the inĚu-
ence of ion damage on the liěed oﬀ membranes alone. In the next section we will
describe the optical characterization performed on the liěed-oﬀ membranes.
Ǌ.ǋ IłĺŀŊĹłķĹ Ńĺ ĽŃł ĸĵŁĵĻĹ Ńł ĸĽĵŁŃłĸŁĹŁĶŇĵłĹň
Raman and PL spectra of the membranes were collected using ǍǋǊ nm laser exci-
tation in a confocal Raman microscope (LabĆMAĆMIS, Horiba Jobin-Yvon)
with typical spatial resolution on the order of ǉ μm, but with confocal depth of
focus greater than the membrane thickness. ĉe membranes were strongly Ěuo-
rescent, exhibiting a broad emission band centered at about ǎǏǏ nm. ĉe PL is
similar to that of the bulk diamond, but without the characteristic signature of
the NV center, shown in Figure Ǌ.ǋ.ǉ(b). ĉe position and width of the ėrst
order diamond Raman line can provide information about residual stresses and
ion damage [Ǐǉ] in the diamond membranes. ĉe bulk diamond sample exhib-
ited a Raman line centered at ǉǋǋǋ.Ǎ ǈ.ǉ cm ƥ with a full-width half-maximum
(FWHM) of Ǌ.ǋ  ǈ.ǉ cm ƥ. ĉe Raman spectrum of the membrane, shown
in Figure Ǌ.ǋ.ǉ(c), exhibited a broad peak (FWHM = ǉǋ  ǉ cm ƥ) centered at
ǉǋǊǑ.ǎ ǈ.ǉ cm ƥ which is best ėt with two peaks (see Figure Ǌ.ǋ.ǋ). From the
shiěedRaman signal it is apparent that there is residual optical and structural dam-
age in the diamond membranes. To remove the most heavily damaged material,
Ǌǌ
Figure 2.3.1: (a) Mesas are lifted oﬀ the substrate via electrochemical etching
and transferred to a Si substrate coated with 1 μm SiOƦ. Sample A is ori-
ented with the damaged material on the surface, and sample B is oriented with
the damaged material facing the SiOƦ/Si substrate. (b) Luminescence and (c)
Raman signals from lifted-oﬀ membrane (black) and bulk diamond (red).
the diamond membrane was systematically thinned by an OƦ-ICP-RIE process.
In order to gain more insight into the distribution of the damage within the mem-
branes, we compared samples that were Ěipped, placing themost heavily damaged
material at the surface (A), to samples where the exposed surface was the original
surface of the bulk diamond (B), as depicted in Figure Ǌ.ǋ.ǉ(a). ĉesemembranes
were incrementally thinned by OƦ-ICP-RIE, resulting in thicknesses of ǐǈǈ, ǌǈǈ,
and Ǌǈǈ nm, respectively. ĉemembraneswere etched in ǋǈ sccmofOƦ at ǍmTorr
pressure; the OƦ-ICP-RIE power was ǎǈǈW and the bias power was ǉǈǈW.
Aěer each thinning step, Raman and PL spectra were recorded to study the
damage and optical emission from A and B. Prior to thinning, the PL and Ra-
ǊǍ
man signatures were similar for the unthinned samples A and B. As sample A was
thinned, removing themostheavilydamagedmaterial, thePLspectrummoreclosely
approached that of the bulk diamond. Figure Ǌ.ǋ.Ǌ shows the room temperature
PL spectrum of sample A, thinned to Ǌǈǈ nm. Given the changes in the total
volume of material being excited, the total luminescence of the thinned sample
was commensurate with that of the unthinned sample. ĉe spectral signature of
the NV-center, with peaks at ǍǏǎ.ǉ (FWHM: Ǐ.ǈ nm) and at ǎǌǉ.ǉ nm (FWHM:
ǎ.ǋ nm), corresponding to the neutral and the negatively charged NV centers was
clearly observed. Also evident are the peaks corresponding to phonon replicas of
the ǎǌǉ.ǉ nm NV  ZPL present at ǎǎǊ.Ǒ, ǎǐǊ.Ǎ, and Ǐǉǋ.ǉ nm, each separated by
close to the ǎǍ meV energy phonon in diamond. In contrast, the corresponding
thinned Ǌǈǈ nm sample B membrane showed luminescence intensity decreased
by about Ǌ orders of magnitude, compared to the unthinned sample.
ĉeRamanpeak for theunthinnedmembraneswasbest ėtwith twoVoigt curves
with a linear baseline: one centered at ǉǋǊǏ  ǈ.ǉ cm ƥ (designated low wave
number, LWN) and the other at ǉǋǋǈ ǈ.ǋ cm  ƥ (designated high wave number,
HWN), seen in Figsure Ǌ.ǋ.ǋ(a) and (b). ĉe optimal ėt to two peaks may arise
from the overlapping Raman signatures of the material closest to the peak of the
implantation damage and also the material at the surface, furthest from the peak
damage. Asmembrane A is thinned, the Raman signal collapses to a single peak at
ǉǋǋǉ.ǈ ǈ.Ǌ cm ƥ with a Ǒ.Ǒ ǈ.ǌ cm ƥ FWHM, approaching the peak position
and linewidth of bulk diamond, shown in Ǌ.ǋ.ǋ(a). Aěer etch removal of about ǉ
μm of sample A, there is no longer a LWN component of the Raman spectrum,
Ǌǎ
Figure 2.3.2: Luminescence from the thinned A (blue) and B (red) membrane
samples. The thinned A sample exhibits strong, broad-band luminescence similar
to that of bulk diamond with peaks at 576.6 nm and 641.1 nm, corresponding
to NVƤand NV , respectively. Phonon replica separated by  65 meV appears
at 662.9, 682.5, and 713.1 nm. The luminescence of B (red) is signiﬁcantly
weaker and blue-shifted, still exhibiting a peak at about 576 nm (NVƤ) but no
NV  peak. The spectra were oﬀset for clarity.
shown in Figure Ǌ.ǋ.ǋ(c). Sample B exhibits a two-peak Raman ėt only until ǐǈǈ
nm of material remains, as seen in Figure Ǌ.ǋ.ǋ(d). ĉeHWN peak (closest to the
signature of bulk diamond) is absent in the ǌǈǈ nm thickmembraneB, and the Ǌǈǈ
nm thickmembrane B demonstrates a single Raman peak at ǉǋǉǏ Ǌ cm ƥ with a
ǊǏ ǌ cm ƥ FWHM, shown in Figure Ǌ.ǋ.ǋ(c). With further thinning of sample
B to below ǉǈǈ nm, the ǉǋǉǏ cm ƥ Raman line disappeared, and the Raman spec-
trum is dominated by two broad bands at ǉǋǋǎ.ǌ and ǉǍǐǑ cm ƥ, corresponding
to the D-and G-bands, respectively, peaks characteristic of graphite.
ĉus, the changes in Raman signatures of samples A and B provide a comple-
mentary proėle of the eﬀective range of damage in the diamondmembranes: Fig-
ǊǏ
Figure 2.3.3: The shift in the ﬁrst-order diamond Raman line as the A (a) and
B (b) membranes are thinned. The Raman signal of the bulk diamond sample
(dotted blue) is shown for comparison. The membrane thickness is indicated
above each curve. The Raman signal was deconvoluted into two Voigt peaks,
(red and green curves), shown for the 1.7 μm membrane. The change in the
center frequency is shown for each Voigt peak for membranes A (c) and B
(d). As A is thinned (c), the LWN component rapidly disappears, and the
HWN component shifts towards the bulk Raman signal. Analogously, as B is
thinned (d) the HWN component disappears after the removal of about 1.2 μm
of material, and the center frequencies shift signiﬁcantly towards LWN.
Ǌǐ
ure Ǌ.ǋ.ǋ(a) for sample A suggests that removal of the material within one micron
of the peak of the implant results in greatly improvedmaterial whoseRaman signa-
ture essentially does not change with further thinning. Figure Ǌ.ǋ.ǋ(b) for sample
B provides further detail on the damage proėle. ĉe disappearance of the HWN
component in the ǌǈǈ–ǐǈǈ nm of material closest to the end of range, coupled
with the signiėcant shiě and broadening of the Raman peak to LWN are indica-
tive of the signiėcant damage to this region of the membrane. ĉus, in addition
to having poor luminescence, the material closest to the end of ion range has sig-
niėcantly degraded Raman character, indicating the removal of this portion of the
membrane is important to fabricating a high-quality diamond photonic structure.
Ǌ.ǌ OĶňĹŇŋĵŉĽŃł Ńĺ ŌļĽňńĹŇĽłĻ ĻĵŀŀĹŇŏ ŁŃĸĹň ĺŇŃŁ ňĽłĻŀĹ-
ķŇŏňŉĵŀ ĸĽĵŁŃłĸŁĽķŇŃĸĽňĿň
In this section, we describe the ėrst observations of WGMs from microdisk cavi-
ties made from the liěed-oﬀ membrane obtained using ion-slicing methods. ĉe
diamond membrane is Ěipped and thinned using ICP-RIE to remove the more
damaged layer. By placing the diamond membranes on a low refractive index di-
electric material (SiOƦ, n ǉ.ǌǎ), optical conėnement can still be maintained.
ĉe liěed-oﬀ diamond membrane was transferred to a ǉ μm SiOƦ-on-Si sub-
strate using a droplet of water with a pipeĨe tip. ĉe surface near the heavily dam-
aged layer were facing up. ĉe more heavily damaged layer was removed using an
argon chlorine (Ar-ClƦ) based ICP-RIE followed by an OƦ-ICP-RIE. ĉe mem-
brane was thinned down to ǋǈǈ nm. A ǋǈǈ nm thick SiOǊ hard mask was de-
ǊǑ
Figure 2.4.1: The diamond membranes were placed on a 1μm SiOƦ-on-Si sub-
strate. The unwanted heavily damaged regions was etched away using a combi-
nation of Ar/ClƦ based ICP-RIE and OƦ-ICP-RIE process. A 300 nm thick SiOƦ
hard mask were deposited using PECVD. The microdisk patterns were deﬁned
using e-beam lithography followed by a ﬂuorine based ICP-RIE to ﬁrst etch the
SiOƦ hard mask, and a OƦ-ICP-RIE to etch the diamond layer. The remaining
SiOƦ hard mask layer was removed by an etch back using ﬂuorine based ICP-RIE.
The low refractive index SiOƦ (n  1.46) underneath layer provided suﬃcient
optical conﬁnement.
posited using PECVD. ĉe paĨern were deėned using ǉǈǈ KeV electron-beam
lithography (Elionix Ǐǈǈǈ), with poly-methyl methacrylate (PMMA) as the e-
beam resist. ĉe paĨerns are transferred by ėrst etching the SiOƦ hard mask using
Ěuorine based ICP-RIE process and then aOƦ-ICP-RIE process to etch into the di-
amond. ĉe hardmask was removed by an etch back procedure using the Ěuorine
based ICP-RIE (FigǊ.ǌ.ǉ). ĉe resulting device was a diamond micro-disk on top
of a lower index (n ǉ.ǌǎ) ǉ μm SiOƦ-on-Si substrate, shown in Figure Ǌ.ǌ.Ǌ(a).
Figure Ǌ.ǌ.Ǌ(a) shows a Ǌ μm diameter diamond disk-on-SiOƦ fabricated from
the liěed-oﬀ diamond membranes. ĉe Raman peak from the diamond mem-
brane aěer thinning was ėĨed with a single Voigt proėle. ĉe Raman peak was
ǋǈ
Figure 2.4.2: (a) The SEM image of 2μm diameter microdisk made from lifted-
oﬀ membranes. The diamond microdisk cavities on top of a 1μm SiO2-on-Si
substrate. (b) WGMs were observed from the microdisk cavities, the Q  500.
centered at ǉǋǋǈ.Ǎ cm ƥ with a  ǐ.Ǌ cm ƥ FWHM which indicated the device
layer was the less damaged part of the membranes. WGMs were observed from
microdisk cavities made from the liěed-oﬀ membranes using μ-PL measurement
with a confocal microscope and ǍǋǊ nm laser excitation (Figure Ǌ.ǌ.Ǌ(b)). ĉe
WGM exhibited Q as high as  Ǎǈǈ, where the disk material was the less dam-
aged region from the diamond membranes. ĉe Q of the Ǌμm diameter diamond
disk-on-SiOƦ were simulated using ėnite diﬀerence time domain (FDTD) simu-
lation using a commercial soěware (Lumerical Inc.). Q ǊǍǈ,ǈǈǈ was deduced
fromWGMswith transverse electric polarization and zeroth order in the radial di-
rection which was much higher compared to the experimental value. We believe
themain limitation of Q is the optical losses to defects in the membrane, resulting
from residual damage from the ion implantation process. Such residual damage is
evident from the Raman characterization described in the previous section.
ǋǉ
Ǌ.Ǎ SŊŁŁĵŇŏ
Single crystal diamond membranes with ǉ.Ǐ μm thickness were fabricated using
the ion slicing method. Strongly luminescent diamond membranes with Ǌǈǈ nm
thicknesswere fabricatedby removing thedamagedareaof a liěed-oﬀ single-crystal
diamond membranes. ĉe correlation between luminescence in the membrane
and the Raman shiě clearly emphasize the importance of further processing of the
liěed-oﬀdiamondmembranes to remove theheavily damagedmaterial. Microdisk
cavities were made out of the less damaged material, and showed Q as high as
Ǎǈǈ. ĉemain limitation of the Q factor is believed to be due to the residual dam-
age in the membranes. ĉerefore, diamond cavities with high Q are expected by
improving the material properties of the liěed-oﬀ diamond membranes.
ǋǊ
3
Homo-epitaxial diamond overgrowth on
diamondmembranes
ǋ.ǉ IłŉŇŃĸŊķŉĽŃł
In the previous chapter, we have demonstrated a technique to liě oﬀ single-crystal
diamondmembranes from bulk diamond using an ion-slicing method. Microdisk
ǋǋ
cavities were fabricated from liěed-oﬀ diamond membranes. However, the qual-
ity of the membranes was degraded by the ion damage during processing and the
Q of the microdisk was limited to  Ǎǈǈ. In order to fabricate diamond mem-
branes that are useful for photonics applications, the material quality needs fur-
ther improvement. In this chapter, we describe the formation of high quality di-
amond membranes by performing a homo-epitaxial overgrowth using the liěed-
oﬀ diamond membranes as the template layer. ĉe overgrown layer showed im-
provedmaterial quality with a narrowRaman linewidth Ǌ.Ǎ cm ƥ. In contrast to
the templatematerial, nitrogen vacancy (NV) centers were observed usingmicro-
photoluminescence (μ-PL)measurements andelectron spin resonance (ESR) tech-
niques. EnsembleNV centers in the overgrown layer showed good spin coherence
properties comparable to natural NVs in type Ib diamond [ǏǊ] and shallow im-
planted NVs in a high purity bulk diamond [ǉǍ, Ǐǋ]. Diﬀerent color centers were
incorporated in the overgrown layer during growth by puĨing the template mem-
branes on diﬀerent substrates (e.g. silicon, bulk diamond). Silicon vacancy (SiV)
centers were observed in the overgrown layer. Microdisk cavities made from the
overgrown layer showed higher Q ( ǋ,ǈǈǈ). Optical coupling of the SiV centers
with a whispering gallery mode (WGM) with Q Ǌ,Ǎǈǈ was observed. By com-
bining the ion-slicing technique with diamond overgrowth method, high quality
diamond membranes were fabricated for photonics applications.
ǋǌ
ǋ.Ǌ DĽĵŁŃłĸ ŃŋĹŇĻŇŃŌŉļ
ĉere has been much progress on diamond growth using the chemical vapor de-
position (CVD)method [Ǐǌ]. ĉe growth process is a kinetic process, where car-
bons are deposited onto the diamond surface with the supply of methane plasma
and the atomic hydrogen preferentially removing the spƦ bond carbon on the sur-
facewhich spƧ bondcarbonweredepositedon surface. Homo-epitaxial overgrowth
on implanteddiamondwasdemonstrated in theǉǑǑǈ’s. Diamondėlmsweregrown
on ion implanted bulk diamond which were subsequently liěed-oﬀ. ĉe over-
grown layers showed a narrow Raman line Ǌ.Ǎ cm ƥ [ǏǍ]. Millimeter-size dia-
mond membranes were fabricated using such approaches [ǎǉ]. ĉe substrate can
be re-used for many times also make this approach economical [ǎǏ].
However, all the earlier reported diamondmembranes reported had overgrown
layer thicknesses from ǉǈ μm to Ǐǈ μm which are too thick for photonics appli-
cations. In this chapter, we describe our approach to fabricate high quality thin
diamond membranes (Ǌǈǈ nm - ǋǈǈ nm) for photonics application using homo-
epitaxial growth on liěed-oﬀ diamond membranes.
ĉeoriginal single crystal diamondmembraneswere ėrst cleaned using amixed
(ǉ:ǉ:ǉ sulfuric–perchloric–nitric) acid and put into a Seki Technotron AXǍǈǉǈ-
INT PECVD reactor. ĉe chamber was evacuated below ǈ.ǉ mTorr and Ěushed
with HǊ gas. Aěer the plasma ignition (only hydrogen ambient), it took approxi-
mately ǐ minutes for the temperature and the pressure to stabilize, at which time
the methane was introduced. ĉe growth conditions were: microwave power ǑǍǈ
ǋǍ
W, pressure ǎǈ Torr, ǌǈǈ SCCM of ǉ:ǑǑ CHǌ (ǑǑ.ǑǑǑ %)/HǊ(ǑǑ.ǑǑǑ%) for Ǎ
minutes. No external heating source was used and the temperature was ǐǍǈC
as readby a pyrometer. Wenote that our growth conditions are not typical of those
used forhomo-epitaxial, single-crystal diamondgrowth,whichoěen requireshigher
microwavepowerdensities (Ǌ–ǌkW)andhigherpressure (ǉǍǈ–ǊǍǈTorr)[Ǐǌ,
Ǐǎ].
ĉe structural properties of the overgrown membrane were characterized us-
ing scanning electron microscopy. Figures ǋ.Ǌ.ǉ(b),(c) show the top view and the
cross sectional SEM images of the original membrane, ǉ.Ǐμm in thickness. Fig-
ures ǋ.Ǌ.ǉ(d),(e) illustrate the overgrown material aěer Ǎ minutes of growth. ĉe
single crystal material, with a top (ǉǈǈ) facet, was clearly observed on top of the
original membrane. No indications of polycrystalline material, grain boundaries
or surface defects (e.g., hillocks)were observed. ĉepits in the regrown layer were
transferred from the original membrane, which was piĨed. In principle, this could
be avoided through the use of smooth, dislocation-free, single crystal diamond as
a starting material. Importantly, the undamaged regions of the overgrown mate-
rial were very smooth. Atomic force microscope (AFM) scans revealed that the
root mean square (RMS) surface roughness was only ǌ nm (Figure ǋ.Ǌ.ǉ(d)). In
comparison, the RMS surface roughness of a typical commercially available CVD
single crystal diamond (Element Six, Inc) was on the order of Ǌ–ǋ nm.
ǋǎ
Figure 3.2.1: (a) Schematic illustration of the regrowth process of the diamond
membrane using a PECVD reactor. (b) SEM side view and (c) top view of the
original diamond membrane before the regrowth. (d) SEM side view and (e)
top view showing a  300 nm overgrowth of a single crystal diamond. The pits
observed on the surface were transferred from the original membrane. (f) AFM
scan of a 5 μm strip demonstrated the smoothness of the top membrane surface.
The surface roughness was measured to be 4 nm.
ǋǏ
ǋ.ǋ OńŉĽķĵŀ ńŇŃńĹŇŉĽĹň Ńĺ ŉļĹ ŇĹ-ĻŇŃŌł ĺĽŀŁň
ǋ.ǋ.ǉ IŁńŇŃŋĹĸ RĵŁĵł ķļĵŇĵķŉĹŇĽňŉĽķň
Raman spectroscopy provides information on the crystal quality of the diamond
membranes. ĉe material quality of the overgrown layer was characterized using
optical methods such as Raman spectroscopy and μ-PL measurements. ĉe best
diamond template showed a Raman peak at ǉǋǋǉ cm ƥ with a full width at half
maximum (FWHM) of Ǒ.Ǒ cm ƥ (aěer removing the most damaged region but
without annealing or overgrowth treatment)[ǉǐ]. However, it was still broader
compared to the Raman peak measured from bulk diamond which was centered
at ǉǋǋǋ.Ǎ cm ƥ with a FWHM Ǌ.ǋ cm ƥ. Aěer a diamond overgrowth on the
less damaged side of the diamond template, the composite overgrownmembrane-
plus-template was Ěipped and thinned using OƦ-ICP-RIE to remove the heavily
damaged region from the template material. ĉe Raman line of the composite
overgrownmembrane-plus-template gave apeakvalueof ǉǋǋǊcm ƥwith aFWHM
of ǎ.ǎ cm ƥ. ĉese values were a convolution of the Raman peak from the over-
grownmaterial with that of the diamond template, and accounted for the best ėt to
two Voigt peaks, shown in Figure ǋ.ǋ.ǉ(a). ĉe broader peak at lower wave num-
ber corresponds to the Raman peak from the template material (green curve in
Fig. ǋ.ǋ.ǉ(a), centered at ǉǋǊǑ.ǎ cm  ƥ with a FWHM of ǐ.ǉ cm ƥ) and the nar-
rower peak corresponds to the Raman peak from the overgrown material (blue
curve in Fig. ǋ.ǋ.ǉ(a), centered at ǉǋǋǊ.Ǒ cm ƥ with a FWHMof ǌ.ǋ cm ƥ). Aěer
further thinning, a narrower Raman line was observed from the overgrownmem-
ǋǐ
Figure 3.3.1: Improved Raman signature was observed from the overgrown
membrane. (a) The Raman line of a composite overgrown membrane-plus-
template is best ﬁt to two peaks, one correspond to the template material (green
curve), the other correspond to the overgrown membrane (blue curve). (b) The
Raman character of the overgrown membrane was revealed by measuring the
Raman line from the overgrown membrane only (after removing the template
material completely with ICP-RIE etching). The Raman line is best ﬁt to a
single peak and the linewidth is  2.5 cm ƥ, which is narrower compared to the
template material ( 9.9 cm ƥ).
brane centered at ǉǋǋǌ.Ǌ cm ƥ with a FWHMof Ǌ.Ǎ cm ƥ which was very close to
the Raman line measured from bulk diamond.
To further gauge the inĚuence of the template quality on the properties of the
overgrown diamond, material was overgrown on the template material where the
less damaged material was removed by ICP-RIE process (Figure ǋ.ǋ.Ǌ(b)). Even
with a heavily damaged templatematerial, the epitaxially grownmaterial exhibited
superior Raman characteristics with linewidth of ǋ cm ƥ, approaching the qual-
ity of a bulk single crystal diamond, despite the shiěed and much broader Raman
ǋǑ
Figure 3.3.2: The Raman linewidth of the overgrown ﬁlm was narrower com-
pared to the Raman line of the ion damaged membranes. (a) SEM cross section
of the diamond membranes before growth and after growth. (b) The overgrown
layer was on a heavily damaged diamond template where the less damaged layer
was removed using ICP-RIE. (c) The Raman line of the composite overgrown
membrane-plus-heavily damaged template was best ﬁt by two peaks. A narrow
Raman line from the overgrown membrane was measured (blue curve, centered
at 1332.0 cm ƥ with a FWHM of 2.8 cm ƥ) despite a shifted and broader Raman
line from the template membrane (green curve, centered at 1325.6 cm ƥ with a
FWHM of 19.4 cm ƥ).
ǌǈ
signature of the template, as seen in the green curve of Figure ǋ.ǋ.Ǌ(c). ĉis is con-
vincing evidence that the overgrown diamond ėlm has much improved structural
propertiesover its highly-damaged, highly-straineddiamond template. ĉis is con-
trary to conventional epitaxial growth of other semiconductors (e.g., GaAs)where
the defects in the template aremanifested in the properties of the overgrownmate-
rial and oěen reduces its quality[ǏǏ]. However, strain ėelds do exist in our grown
material, as is suggested by the double dip in the optically detected magnetic res-
onance (ODMR)measurements (Figure ǋ.ǋ.ǋ(b)).
ǋ.ǋ.Ǌ NĽŉŇŃĻĹł ŋĵķĵłķŏ ķĹłŉĹŇň Ľł ŃŋĹŇĻŇŃŌłŁĵŉĹŇĽĵŀ
In the previous chapter, strong NV-like Ěuorescence was observed from the less
damaged liěed-oﬀ membranes, however, no ESR signal of NV centers was ob-
served [ǉǐ]. In this study, the overgrown membranes were characterized using μ-
PLmeasurement under ǍǋǊ nm excitation at room temperature and by ESRmea-
surements. Bright Ěuorescence and the spectral signature of NV centers was ob-
servedononeof theovergrown sampleswhere the templatemembranewas etched
away using an Ar-ClƦ based ICP-RIE followed by a OƦ-ICP-RIE shown in Figure
ǋ.ǋ.ǋ(a). ĉe existence of NV centers in the overgrownmembrane was conėrmed
by the observation of the ESR dips as shown in Figure ǋ.ǋ.ǋ(b). ĉe diamond
sample was measured using a confocal microscopy setup with a ǉǈǈ  objective
with a ǍǋǊ nm laser for photoexcitation. A microwave magnetic ėeld was cou-
pled to the NV centers through a metal wire loop connected to power ampliėer
and the PL fromNV centers was collected through the same objective with no ap-
ǌǉ
Figure 3.3.3: NV centers were incorporated into the overgrown membrane
during growth. (a) PL spectrum of the overgrown membranes showed bright
ﬂuorescence, zero phonon line of NVƤ and NV  was observed. (b) ESR signal
of NV centers was observed in the overgrown membranes, conﬁrmed presence of
NV centers in the overgrown membranes. There were no external magnetic ﬁeld
applied during the measurement. The peak splitting of the ESR signal suggests
existence of strain in the overgrown membranes. The ESR measurement was
performed by Bob Buckley and Christopher Yale in David Awschalom’s lab at
UCSB.
plied magnetic ėeld. ĉe two ESR dips observed are thought to be due to strain
in the membranes. We note that there was no nitrogen incorporated during the
diamond growth; the nitrogen source was due to residual gas in the chamber. ĉe
observation of the ESR dips from the NV centers in the overgrown membranes
motivated further investigations of the spin coherence properties of NV centers
in diamond. ĉe spin coherence measurements were made in the lab of Professor
David Awschalom at UCSB, with the help of Bob Buckley and Christopher Yale.
ĉespin coherence timedetermines thenumberofoperations canbeperformed
on a quantum bits before the information is lost. ĉe ground state spins were ėrst
initialized using a ǍǋǊ nm laser pulse of Ǎms. Microwavemagnetic ėelds were then
applied using an arbitrary waveform generator for spin manipulation. ĉe sample
ǌǊ
PL was measured by an APD which was gated in time for time-domain spin co-
herence measurements. In ėgure ǋ.ǋ.ǌ, aěer a laser pulse that initialized the spin
state, a singlemicrowavemagnetic ėeld pulsewhose frequency is resonantwith the
NV center’s SZ-SX transition. ĉe microwave ”π” pulse Ěips the NV centers elec-
tronic spin state from the SZ to SX. ĉe ensemble spin state is thenmeasuredwith a
second ǍǋǊ nm ”readout ” laser pulse via PL intensity. ĉe measurement was per-
formed as a function of delay time (τƥ) between the initialization and readout ǍǋǊ
nm laser pulses. To normalize the PL and determine the spin contrast between
SZ and SX, the resulting PL was subtracted from a similar sequence without the
spin-Ěipping microwave π pulse. ĉe resulting subtracted data is ploĨed in Figure
ǋ.ǋ.ǌ as a function of time. FiĨing to an exponential decay reveals a spin-laĨice
relaxation time of Tƥ = Ǎ ms for the NV center ensemble.
ĉe transverse homogeneous spin coherence was measured with Hahn-echo
sequences. ĉe spin was ėrst initialized into SZ state with an initialization pulse
of ǋ μs. ĉen, a Hahn echo sequence was applied using microwave ėeld pulses
resonant with SZ-SX NV center spin transition. ĉe Hahn echo began with a π/Ǌ
microwave pulse which rotated the spins onto the equator of the Bloch sphere.
ĉe pulse was followed by a π pulse aěer a time τƦ/Ǌ. ĉe ėnal π/Ǌ pulse, a time
τƦ/Ǌ aěer the π pulse, Ěipped the spins back to the poles of the Bloch sphere for
spin readout. Finally, the ensemble spin state was read out via PL using a ǍǋǊ nm
”readout” laser pulse. ĉe free precession time, τƦ, was varied. To compensate for
pulse errors, the center π pulse was Ǒǈ out of phase from the π/Ǌ pulses. ĉe
spin contrast is ploĨed in ploĨed in Figure ǋ.ǋ.Ǎ as the diﬀerence in PL intensity
ǌǋ
Figure 3.3.4: Spin lattice relaxation time, yielding Tƥ  5 ms. The red curve is
a single exponential ﬁt of the data. The red curve is a single exponential ﬁt of
the data. The sequences applied to measure the spin properties are schematically
depicted. The data are recorded at room temperature with no applied magnetic
ﬁeld. The Spin coherence measurement was performed by Bob B. Buckley and
Christopher Yale in David Awschalom’s lab at UCSB.
ǌǌ
betweenĚipping andnotĚipping the signof theėnal π/Ǌpulse relative to the initial
π/Ǌ pulse. FiĨing this subtracted data to a single exponential decay determinedTƦ
= ǋ.Ǎ μs.
ĉe transverse inhomogeneous spin coherence timewasdeterminedwith aRam-
sey timing sequence (Figure ǋ.ǋ.ǎ). ĉe spin was initialized into SZ state with a
laser pulse of ǋ μs. ĉe Ramsey sequence consists of two π/Ǌ pulses separated
by a time τƦ , which was varied. Like the Hahn echo sequence, the spin contrast
is the diﬀerence in PL intensity between whether the sign of the last π/Ǌ pulse
is Ěipped or not, relative to the initial π/Ǌ pulses. Ramsey sequences were typi-
cally performed with a detuned microwave frequency, and in this sequence, the
microwave were detuned by ǊǍMHz from the SX resonance in order to induce os-
cillations in the data. We observed beating of four frequencies (two frequencies
per spin resonance peak), which suggested a small magnetic ėeld or asymmetric
strain may play a role in spliĨing the SX and SY spin sub-levels of NV centers. ĉe
data, ploĨed in Figure ǋ.ǋ.ǎ, was ėt to four beating frequencies with a single expo-
nential decay envelope revealed TƦ = ǉǍǐ ns for this ensemble of NV centers.
It should be noted that transverse spin coherence is sensitive to the surrounding
spin bath, originating from the presence of other electron and nuclear spins as well
as magnetic Ěuctuations on the surface. ĉemeasured values of TƦ and TƦ for the
overgrownmaterial are comparablewith both naturalNVs in type Ib diamond[ǏǊ]
and shallow implanted NVs in a high purity bulk diamond[ǉǍ, Ǐǋ] (TƦ ǉ-Ǌǈ μs)
and are higher than typical coherence times found in nanodiamonds (TƦ  ǉ μs)
ǌǍ
Figure 3.3.5: Hahn-echo sequence of the transverse homogeneous spin coher-
ence time resulting with a TƦ  3.5 μs. The red curve is a single exponential ﬁt
of the data. The sequences applied to measure the spin properties are schemat-
ically depicted. The data are recorded at room temperature with no applied
magnetic ﬁeld. The Spin coherence measurement was performed by Bob Buck-
ley and Christopher Yale in David Awschalom’s lab at UCSB.
ǌǎ
Figure 3.3.6: Ramsey sequence to determine transverse inhomogeneous spin
coherence precession decay time, yielding TƦ = 158 ns. Error bars are smaller
than data markers. The sequences applied to measure the spin properties are
schematically depicted. All the data are recorded at room temperature with no
applied magnetic ﬁeld. The Spin coherence measurement was performed by Bob
Buckley and Christopher Yale in David Awschalom’s lab at UCSB.
ǌǏ
[Ǐǐ]. Nevertheless, TƦ = ǋ.Ǎ μs is still shorter than for the isotopically pure single
crystal diamond (TƦ  ǉ ms) [ǋ]. Remarkably, good spin behavior exists in the
overgrown material despite the fact that the original template did not show any
ODMR signal and the overgrown membrane is only a few hundred nanometers
thick. ĉe spin properties of the overgrown membrane further conėrm the good
quality of the thin, single crystal diamondmembrane and indicate promise for ap-
plications in nano-magnetometry and QIP.
ĉe spin properties of the overgrown diamondmembranes can be signiėcantly
improved by growingmaterial in a purer environment, resulting in fewer paramag-
netic defects such as substitutional nitrogen. Additionally, growing with ƥƦC iso-
topically puriėed methane has the promise to achieve millisecond TƦ coherence
times, as the nuclear spin of ƥƧCcan signiėcantly reduce theNVspin coherence[ǋ].
Furthermore, additional experimental steps suchashigh temperature annealing[Ǐǋ]
may also improve the coherence times of NV centers in the grownmaterial.
ǋ.ǌ WļĽňńĹŇĽłĻĻĵŀŀĹŇŏŁŃĸĹĶĵňĹĸķĵŋĽŉĽĹňĺŇŃŁŃŋĹŇĻŇŃŌł
ŁĹŁĶŇĵłĹň
Microdisk cavities fabricated from the templatemembranes showed limitedQ (
Ǎǈǈ). ĉe limitation of Q was due to the ion damage during processing. By fabri-
cating optical cavities from overgrown material, we show that with the improved
material quality from the overgrown membranes, the Q of the cavities also im-
proved.
Microdisk cavities were made from overgrown membranes to compare with
ǌǐ
Figure 3.4.1: Microdisk and ring cavities were made out of overgrown mem-
branes. The diamond membranes were placed on a ƥμm SiO2-on-Silicon sub-
strate. After the growth, the composite overgrown membrane-plus-template was
ﬂipped and thinned using an Ar/Cl2 based ICP-RIE followed by oxygen ICP-RIE.
SiO2 is deposited on the membranes as a hard mask using PECVD. Electron
beam lithography is used to pattern with PMMA as resist. The patterns were
transferred by etching the SiO2 hard mask and diamond using ICP-RIE.
devices made from template membranes. ĉe overgrown membrane were ėrst
Ěipped and thinned using an ICP-RIE process. An ǐǈ nm thick silicon dioxide
mask was deposited by PECVD.ĉe ring/disk cavities were paĨerned using a ǉǈǈ
KeVelectronbeam lithography(Elionix)withpoly (methylmethacrylate) (PMMA)
as the resist. ĉepaĨernswere then transferredby aĚuorine based ICP-RIE step to
etch into the silicon dioxide hardmask, followed by a OƦ-ICP-RIE step to transfer
the paĨern to the diamond membrane (Figure ǋ.ǌ.ǉ).
ASEMimageof amicrodisk cavitymade fromtheovergrowndiamond is shown
in Figure ǋ.ǌ.Ǌ (a). ĉe diameter of the microdisk was ǋ μm with thickness of
ǉǏǈ nm. ĉe WGMs were observed using a μ-PL measurement with a confocal
microscope (LabĆMAĆMIS, Horiba Jobin-Yvon) and ǍǋǊ nm laser excitation
ǌǑ
Figure 3.4.2: Microdisk cavities fabricated from overgrown material show Q
 3,000. (a) SEM viewgraph of a diamond microdisk resonator made from
overgrown membranes (b) WGMs were observed from the microdisk cavity using
μ-PL measurement. The WGMs were decorated by the NV ﬂuorescence from
the membrane. The device shown in the SEM is a similar device.
(Figure ǋ.ǌ.Ǌ(b)). ĉe WGMs were decorated by NV Ěuorescence in the cavity
medium thatwere excited by the ǍǋǊ nm laser. ĉe excitation and signal collection
went through the same objective with numerical aperture (NA) = ǈ.Ǒ and magni-
ėcation ǉǈǈ which results in spatial resolution ǉ μm. WGMs with Q as high
as ǋ,ǈǈǈ were observed from disk made out of overgrown membranes which was
beĨer compared to the disk made from template membranes. ĉis result showed
that with improved material quality, the device performance also improved.
Ring cavities with outer diameter ǋ.Ǎ μm and inner diameter Ǌ.ǋ μm and thick-
ness of ǉǏǈ nmwere fabricated from the overgrownmembrane shown in Figure
ǋ.ǌ.ǋ(a). WGMs with beĨer signal to noise contrast was observed compared to
the microdisk cavities as shown in Figure ǋ.ǌ.ǋ(b).
Ǎǈ
Figure 3.4.3: Ring resonators fabricated from overgrown material show Q 
3,000. (a) SEM viewgraph of a diamond ring resonator made from overgrown
membranes (b) WGM were observed from the ring resonator using μ-PL mea-
surement. The device shown in the SEM is a similar device.
ǋ.Ǎ OńŉĽķĵŀ ķŃŊńŀĽłĻ ŉŃ ňĽŀĽķŃł ŋĵķĵłķŏ ķĹłŉĹŇň
ǋ.Ǎ.ǉ SĽŀĽķŃł ŋĵķĵłķŏ ķĹłŉĹŇň Ľł ŃŋĹŇĻŇŃŌłŁĹŁĶŇĵłĹň
Besides NV centers in diamond, there are also various diﬀerent color centers in
diamond which have unique physical properties. Intense research eﬀorts on indi-
vidual color centers in diamond over the past decade have yielded signiėcant in-
sight into the photo-physics of defects in diamond. In particular, there is a growing
interest in utilizing color centers that exhibit a narrow luminescence band, short
excited state lifetime, and single photon emission at room temperature[ǊǍ, Ǌǎ].
Such defects are extremely aĨractive photon sources for quantumkey distribution
or optical quantum computation [ǏǑ].
Diﬀerent color defects can also be incorporated during the overgrowth process
by controlling the template on various substrates, e.g., silicon or other bulk dia-
mond. We have demonstrated this by incorporating a diﬀerent color center, SiV
Ǎǉ
Figure 3.5.1: (a) Room temperature PL curves recorded from the membrane
immediately after regrowth (blue curve), after a subsequent removal of  1.4
μm of the original template (green curve) and a ﬁnal thinning to 300 nm thick
membrane (100nm:200nm original template:overgrown layer). A pronounced
ZPL from the SiV centers was observed as the original template is removed. The
FWHM of the ZPL is  6 nm. (b) Low temperature PL measurement recorded
from the membrane after removal of  1.4 mm of the original membrane. The
FWHM of the ZPL of SiV centers at 9 K is  3 nm.
centers, into the overgrownmembranes. ĉe SiV centers consist of a silicon atom
in the split-vacancy conėguration [ǐǈ]. ĉe PL of the membranes is presented in
Figureǋ.Ǎ.ǉ, where the ZPL (at Ǐǋǐ nm) of SiV centers was observed. We believe
that during the growth the plasma slightly etches the substrates, whose elements
are subsequently incorporated into the growing diamond laĨice[ǐǉ]. ĉerefore,
incorporatingdiﬀerent color centers indiamondmembranesusing theovergrowth
method opens opportunities to integrate diﬀerent single photon source (NV, SiV,
Cr) in diamond devices.
Figure ǋ.Ǎ.ǉ(a) shows the room temperature PL spectra of the diamond mem-
branebefore thinning (blue curve) andaěer the removal ofǉ.ǌ μm(greencurve)
and ǉ.ǎ μm (red curve) of the original diamond template. Broadband lumines-
cenceobscured the luminescenceof SiV centers before themembranewas thinned
ǍǊ
(Figure ǋ.Ǎ.ǉ(a) blue curve). ĉe broadband luminescence was further reduced
through the removal of theoriginal diamond templateusing ICP-RIE(Figureǋ.Ǎ.ǉ(a)
green and red curves). A pronounced ZPL at Ǐǋǐ nm aĨributed to the SiV was
clearly seen aěer most of the original template was etched away. ĉe FWHM of
the ZPL was measured to be  ǎ nm at room temperature. At low temperature
(ǉǐ K) the FWHM was reduced to  ǋ nm (Figure ǋ.Ǎ.ǉ(b)), however, the ėne
structure of the defect (Fig. ǉ(b)) was not resolved [ǐǉ, ǐǊ] due to a high con-
centration of the emiĨers and their inhomogeneous broadening due to the strain
ėelds.
Using the overgrowth technique, diﬀerent color centers could be incorporated
in the diamond membranes. ĉe overgrown membranes showed narrower Ra-
man linewidth compared to the template layer, which suggested improvedmaterial
quality from the overgrownmembranes. ĉese results opened up opportunities to
couple diﬀerent color centers in diamond photonic devicesmade from overgrown
membranes.
ǋ.Ǎ.Ǌ OńŉĽķĵŀ ķŃŊńŀĽłĻ
With the improved device performance, and the ability to incorporate diﬀerent
color centers in the overgrown membranes,we explored the possibility to couple
diﬀerent emiĨers in diamond to the cavity modes.
Microdisk cavities with a diameter of Ǌ.Ǎ μm and a thickness of Ǎǈǈ nm were
fabricated from a composite overgrown membrane-plus-template. ĉe Ěuores-
cence of SiV centers was observed from the overgrown membrane. WGMs were
Ǎǋ
Figure 3.5.2: (a) SEM image of 2.5 μm diameter disk fabricated from single-
crystal diamond. (b) FDTD simulation of the ﬁeld intensity (HZ) proﬁlein log
scale for the TE mode with zeroth order in radial direction (TEm=ƦƤƤ ). The red
color indicates higher ﬁeld intensity, and the white circle indicates the periphery
of the microdisk.
observed using μ-PLmeasurement (Figure ǋ.Ǎ.ǋ(a)). By comparing the free spec-
tral range of theWGMs to the ėnite-diﬀerence time domain (FDTD) simulations
(Lumerical Solutions, Inc.), the polarization and the order (both radial and az-
imuthal direction) of the WGMs were identiėed (Figure ǋ.Ǎ.ǋ(b)). Quality fac-
tors, Q, of these modes were determined to be ǊǊǈǈ. ĉe modal volume of the
zeroth order WGM in the radial direction with transverse electric (TE) polariza-
tion was ǈ.ǊǏǋ μmƧ (Ǒ.ǎ (λ/n)Ƨ) calculated using FDTD simulations.
A high resolution spectrum of the TE mode centered at Ǐǋǎ.Ǎ nm is shown
in Fig. ǋ.Ǎ.ǌ(a). ĉe mode was found to be zeroth order in the radial direction
(TEm=ƦƤƤ ) with Q  ǊǊǈǈ and overlaps spectrally with the SiV ZPL emission.
To investigate the emiĨer-cavity system further, lifetime measurements were per-
formed. A frequency-doubled pulsed Ti:Sapphire laser at ǌǎǈ nm with a ǏǎMHz
Ǎǌ
Figure 3.5.3: (a). Room temperature PL spectrum recorded from the microdisk
cavity with 20 mW laser excitation. The WGMs were observed. The zeroth order
radial TE mode had a Q of  2200. (b). Assignment of the WGM was made by
comparing the experimental measurement of the free spectral range (FSR) of
the whispering gallery modes to FDTD simulation. The PL spectrum measured
from a 2.5 μm diameter disk showed similar FSR to the simulation but the
resonances were shifted slightly.
repetition rate and pulse width less than Ǐǈ femtoseconds was used to excite the
SiV emiĨers. ĉe ǉǐK measurement was made with the sample in a cryostat ( Ja-
nis) with excitation and signal collection passing through the same NA = ǈ.Ǎ ob-
jective, with ǉǈǈmagniėcation and ǉ mW laser excitation power. ĉe laser light
was reĚected by a dichroicmirror and the collectedPL signalwas ėltered by a band
pass ėlter (ǏǌǏ nm ǉǏ nm) and directed onto anAPD(Micro PhotonicDevices,
jiĨer time  Ǎǈ ps). ĉe spectral window includes both the enhanced part and
non-enhanced luminescence from the SiV centers. ĉe cavity mode linewidth is
 ǈ.ǋǋǎ nm and the linewidth of the SiV ZPL is ǋ nm. ĉerefore, we approxi-
mated ǉǈ% of the SiV centers were coupled to the cavity modes, taking into ac-
count that the Debye-Waller factor is ǐǈ% as reported in the literature [Ǎ].ĉe
results of the lifetime measurements are shown in Fig. ǋ.Ǎ.ǌ(b) and are best ėt
ǍǍ
with a bi-exponential decay. ĉe lifetime of the SiV centers coupled to the mi-
crodisk was measured to be  ǉ.ǌǐ  ǈ.ǈǌ ns while the lifetime measured from
the membrane outside of the disk is  ǉ.ǐǋ  ǈ.ǈǑ ns. ĉe second part of the
bi-exponential ėt accounted for the fast decays which were measured to be ǈ.ǎǎ
 ǈ.ǈǊ ns from the membrane and ǈ.ǌǋ  ǈ.ǈǉ ns from the cavity due to other
defects in the membranes. ĉe lifetime reduction was in reference to a diamond
membrane having the same thickness and having undergone exactly the same fab-
rication process as themicrodisk cavities. Hence, other reasons for lifetime reduc-
tion, e.g. non radiative channels or surface defects, if present, would be the same in
both themembrane and themicrodisk. ĉerefore, webelieved that theonly reason
for the observed lifetime reduction was themodiėcation of the density of states of
the emiĨers due to coupling to the cavity modes. ĉe Purcell enhancement based
on lifetime modiėcation was estimated to be  ǉ.ǋ. ĉe reduced lifetime value
could be regarded as an averaged lifetime of multiple diﬀerent exponential decay
curves, which represented diﬀerent SiV centers in the disk coupled to the cavity
mode. Additionally, an enhanced photon count rate from the APD was observed
from themicrodisk ( ǌǈ,ǈǈǈ counts/s) compared to the diamondmembrane (
ǋǈǈǈ counts/s) under identical excitation conditions. ĉemicrodisk cavity could
increase the far-ėeld collection through geometrical eﬀects that enhanced photon
extraction and scaĨering from thedisk. ĉus the lifetimeprovided amore accurate
picture of the cavity enhancement of the emiĨers while the enhanced collection
rate resulted from a combination of increased collection eﬃciency and enhanced
spontaneous emission from SiV centers.
Ǎǎ
Figure 3.5.4: (a) Room temperature PL spectrum of the 1st order radial TE
mode (TEm=ƦƤƤ ). The spectrum was background corrected. The Q factor was
 2200 and spectral overlap with the ZPL of SiV centers was observed. The
solid curve is the spectrum measured, the dashed curve is a Lorentzian ﬁt of
the cavity mode, and the dotted curve is a Lorentzian ﬁt of the ZPL of SiV
center. (b) Fluorescence lifetime measurement of SiV centers within microdisk
resonators showed lifetime reduction from 1.83 ns to 1.48 ns, compared to the
SiV centers in the diamond membrane, recorded at 18 K. The lifetime was ﬁt
to a bi-exponential decay (dashed lines) where reduction for both the fast and
slow decay channel were observed.
ǍǏ
ĉe quality factors of ǊǊǈǈ measured from the microdisks were comparable
with values recently reported for a single crystal diamond micro-ring resonator
[Ǎǌ] and a signiėcantly higher value than devices made of nanocrystalline dia-
mond [Ǎǋ] or milled by using a focused ion beam [ǐǋ]. Examination of the PL
data of Figure ǋ.Ǎ.ǉ(a) showed the SiV peak siĨing atop a broad band of lumines-
cence, which was successively diminished as the composite diamond membrane
was thinned. ĉe broad band luminescence was likely due to other impurities
within the membrane and could lead to material reabsorption and hence limited
the Q of the cavity. Removal of that central regionmay also provide an increase in
the observed Q as has been seen in other material systems [ǐǌ].
Coupling of SiV defects to an optical cavity marks pivotal progress towards the
realization of scalable diamond-based quantum photonics networks. Although
demonstrated with an ensemble in this work, coupling of single emiĨers should
also be possible using the techniques described here. Our approach enables the
formation of optically thin single crystal membranes with good optical and struc-
tural properties. Such membranes can serve as the basis for microdisks and pho-
tonic crystal cavities as well as enable the construction of an integrated photonic
network of coupleddiamond cavities andwaveguides[ǍǍ]. ĉeapproachprovides
Ěexibility in both the formation of color centers, as well as Ěexibility in the ge-
ometry of optical cavities formed around those centers. We believe that further
optimization of the fabrication steps, such as the use of high temperature anneal-
ing or further reduction of impurity absorption will produce highQs and stronger
emiĨer-cavity coupling. ĉese initial results represent an important milestone in
Ǎǐ
the achievement of diamond-based cavity quantum electrodynamics.
ǋ.ǎ SŊŁŁĵŇŏ
Fabrication of high quality diamond membranes were demonstrated by perform-
ing a homo-epitaxial overgrowth on a template diamond membrane made using
ion-slicing method. NV centers were incorporated in the overgrown membranes
and showed good spin coherence properties. Other color centers could also be
incorporated in the overgrown membranes by using diﬀerent growth substrates.
For example, SiV centers was observed in the overgrown membranes. With im-
proved material quality, the device performance also improved (Q ǋ,ǈǈǈ from
microdisk made from the overgrown membranes compared to Q Ǎǈǈ frommi-
crodisk made from template layer). ĉe improved device performance allowed
us to observe optical coupling between SiV centers with WGM. ĉe overgrowth
methods on diamond membranes together with fabrication of photonic devices
served as a crucial step toward building a QIP platform using diamond. By using
implantation techniques and further improvement in material growth could en-
able us to gain control over the concentration of color centers and the position
of the color centers in diamond membranes [ǉǍ, ǉǎ] and move toward integrated
quantum photonic network.
ǍǑ
4
Further control of material growth
ǌ.ǉ IłŉŇŃĸŊķŉĽŃł
High quality diamondmembranes were fabricated by performing homo-epitaxial
overgrowth on the liěed-oﬀ diamondmembranes. ĉe overgrownmembranes ex-
hibited narrower Raman line ( Ǌ.Ǎ cm ƥ) compared to the liěed-oﬀmembranes
whichwere ion damagedduring liě-oﬀprocess. Microdisk cavities fabricated from
ǎǈ
the overgrown membrane also showed beĨer Q (Q  ǋ,ǈǈǈ) compared to mi-
crodisk cavities fabricated from the ion damaged membranes (Q  Ǎǈǈ). ĉe
NV centers were incorporated in the overgrown membranes during growth. Spin
coherence times were measured from ensembles of NV centers in the overgrown
membranes. However, the concentration of the emiĨers was not controlled and
the position of the NV centers were randomly distributed for the experiments de-
scribed in chapter ǋ. In order to couple a singleNV center to opticalmicrocavities,
we would like to have sample with diluted NV density. ĉerefore, having control
over theNV density is crucial. In order to achieve this goal, we need a reactor with
good isolation. Fortunately, through the collaborations with David Awschalom’s
and Ania Bleszynski Jayich’s groups at UCSB, such a growth reactor was available.
In this chapter, we describe our eﬀort to control theNVdensity of diamondmem-
branes by adjusting the growth condition.
Diamondgrowthwith a ƥƩNVdelta-doped layernear the surfacehasbeendemon-
strated recently by the UCSB group [ǉǎ]. Such growth control opens opportuni-
ties to place the emiĨer (NV centers) at the ėeld maximum of the cavity mode. In
the second part of this chapter, we show fabricated diamond membranes with a
ƥƩNVdelta-doped layer. ĉe ƥƩNVdelta-dopedmembranes were characterized us-
ingRaman spectroscopy andPLmeasurements and showed goodmaterial quality.
ĉese results are important steps toward deterministic placement ofNV centers in
diamond membranes so that maximum spatial overlap of a single NV center with
cavity mode may be achieved.
ǎǉ
ǌ.Ǌ GŇŃŌŉļŌĽŉļ ļĽĻļŁĽķŇŃŌĵŋĹ ńŃŌĹŇ
ǌ.Ǌ.ǉ DĽĵŁŃłĸ ĻŇŃŌŉļŌĽŉļŃŊŉ łĽŉŇŃĻĹł ĸŃńĽłĻ
In the previous chapter, high quality diamond membranes were grown using the
liěed-oﬀ diamondmembranes as a template layer [ǉǑ]. NV centers were observed
from the overgrown diamond membranes despite there being no nitrogen Ěow
during the overgrowth process. ĉe incorporation of nitrogen was thought to be
due to chamber leakage, which led to uncontrollableNV density in the overgrown
membranes. In order to gain control of the density of NV centers, a diamond
growth reactorwith beĨer isolation from the atmospherewas required. Such a dia-
mondgrowth reactorwas available through the collaborationwithDavidAwschalom’s
group at UCSB. To test the cleanness of the growth chamber, a diamond thin ėlm
was ėrst grown without the introduction of nitrogen gas.
Liěed-oﬀ diamond membranes were placed on a bulk diamond substrate be-
fore being put into the growth reactor. ĉe growth condition is described in Table
ǌ.Ǌ.ǉ, and the total growth time was ǉǎ minutes and ǌǈ seconds. A SEM image
of the growth surface is shown in Figure ǌ.Ǌ.ǉ(a). ĉe total membrane thickness
was measured to be  Ǌ.ǐ μm using SEM. ĉis corresponded to an overgrown
layer thickness ǉ.ǉ μm and a growth rate ǎǎ nm/min. ĉe diamond surface
remained smooth aěer growth, the r.m.s surface roughness of the growth surface
was measured to be Ǎ nm using AFM (Figure ǌ.Ǌ.ǉ(b)).
ĉemembrane was then Ěipped and placed on the SiOƦ-Si substrate. ĉe tem-
ǎǊ
Table 4.2.1: Growth condition of diamond membranes without nitrogen doping
Microwave power Pressure CHƨ/HƦ Growth rate
ǋǈǈǈW ǉǎǍ torr ǌ%  ǎǎ nm/min
Figure 4.2.1: (a) A SEM image of the diamond membranes without nitrogen
doping after diamond growth. (b) An AFM image of a 5 μm  5 μm area on
the overgrown membranes without nitrogen doping. The r.m.s surface roughness
was measured to be  5 nm.
plate layerwas etchedawayusing a combinationofAr/ClƦ based ICP-RIE followed
by an OƦ-ICP-RIE processes. ĉe overgrown membrane showed no NV Ěuores-
cence (red curve in Figure ǌ.Ǌ.ǎ) which indicated the growth reactor was indeed
clean. ĉe Raman peak exhibited narrow linewidth ėĨed using a Voigt function
with FWHM of Ǌ.Ǎ cm ƥ indicating that the material quality of the overgrown
material was as good as the bulk diamond (Figure ǌ.Ǌ.Ǌ). Microdisk cavities were
fabricated from the overgrown membranes by ėrst depositing a ǐǈ nm thick SiOƦ
hard mask using PECVD. ĉe devices were paĨerned using a ǉǈǈ KeV electron
beamwriterwithPMMAas the electronbeamresist. ĉepaĨernswere transferred
using a SFƪ based ICP-RIE process to ėrst etch the SiOƦ mask layer, followed by a
ǎǋ
Figure 4.2.2: After removing the template layer, the Raman line of the over-
grown material without nitrogen incorporation was measured. The Raman peak
is ﬁtted using Voigt proﬁle and the FWHM of the Raman peak is measured to
be  2.5 cm ƥ which was closed to the bulk value.
OƦ-ICP-RIE to etch through the diamond membranes. ĉe remaining SiOƦ mask
layer was removed using a SFƪ based ICP-RIE. ĉe resulting microdisk cavity is
shown in Figure ǌ.Ǌ.ǋ. ĉe disk was Ǌμm in diameter and ǋǈǈ nm thick.
ĉe PL signal was collected using a confocal microscope with a ǍǋǊ nm laser
excitation. Whispering gallery modes were observed from the microdisk cavities.
Since no NV Ěuorescence was observed, the WGMs were decorated by the back-
groundĚuorescence from thediamondmembrane (red curve inFigure ǌ.Ǌ.ǎ). ĉe
WGMswere ėĨedwith a Lorentzian proėlewithQ as high as Ǌ,Ǒǈǈ (Figure ǌ.Ǌ.ǌ).
ĉerefore, high quality optical micro-cavities could be fabricated from overgrown
membranes without nitrogen doping.
ǎǌ
Figure 4.2.3: An SEM image of microdisk cavities fabricated from the over-
grown membrane without nitrogen doping showed the cavity dimension with 2
μm diameter and thickness  300 nm.
Figure 4.2.4: (a) Whispering gallery modes were observed from the microdisk
cavities fabricated on overgrown membrane without nitrogen doping. (b) High
resolution spectrum of the cavity modes showed Q  2,900, which was compa-
rable to the microdisk cavities fabricated from overgrown material mentioned in
chpater 3.
ǎǍ
ǌ.Ǌ.Ǌ DĽĵŁŃłĸ ĻŇŃŌŉļŌĽŉļ łĽŉŇŃĻĹł ĸŃńĽłĻ
In the previous subsection, high quality diamond membranes with diluted NV
density were fabricated by performing an overgrowth without introduction of ni-
trogen gas. Ultimately, we would like to incorporate NV centers in the overgrown
layer with controlled nitrogen doping. In this section, we characterized diﬀerent
growth conditions with nitrogen Ěow during growth.
Initially the same growth condition as the un-doped growth were applied for ǐ
minutes, a pulse of ǈ.ǉ sccm of nitrogen gas was injected for ǌ seconds, then nor-
mal diamond growth was continued. ĉe residual nitrogen gas from the pulsed
NƦ Ěow became the nitrogen dopants for subsequent growth. Figure ǌ.Ǌ.Ǎ shows
SEM images of sampleswith varying time of diamond growth aěer pulsedNƦ Ěow.
ĉe surfaces of the membranes were roughened and therefore a diﬀerent growth
condition was required with nitrogen doping.
Diamond membranes with beĨer surface properties were grown by reducing
theCHƨ/HƦ concentration to ǉ% and themicrowave power from ǋǈǈǈW to Ǌǈǈǈ
W with nitrogen Ěow throughout the growth process (Table ǌ.Ǌ.Ǌ). ĉe PL sig-
nal from the nitrogen doped membranes showed more intense NV luminescence
compared to the membranes without nitrogen doping. ĉe Raman linwidth from
the nitrogen doped membranes was still narrower ( ǋ cm ƥ) than the template
material ( Ǒ.Ǒ cm ƥ).
ĉeability to growhighquality diamondmembraneswith andwithoutnitrogen
ǎǎ
Figure 4.2.5: The SEM image of diamond surface with varying nitrogen in-
corporation. Clockwise from top right corner, the growth times after pulsed
nitrogen ﬂow were 16 minutes, 5 minutes, 1 minutes, and 2 minutes. Sur-
face morphology was rough on all four samples, therefore, a diﬀerent growth
condition was needed.
Figure 4.2.6: PL spectrum shows NV luminescence is much stronger from
membranes with nitrogen doping (black curve) compared to membranes without
nitrogen doping (red curve, 10 signal).
ǎǏ
Table 4.2.2: Growth condition of diamond membranes without nitrogen doping
Microwave power Pressure CHƨ/HƦ Nitrogen Ěow
ǊǈǈǈW ǉǎǍ torr ǉ% ǈ.ǉ sccm
doping was an important step toward controlling the spatial distribution of NV
center via growth methods. In the following section, we will introduce growing
diamond thin ėlm with a nitrogen delta-layer.
ǌ.ǋ DĹŀŉĵ-ĸŃńĽłĻ: ŉŃŌĵŇĸ ķŃłŉŇŃŀŀĹĸ ķŃŊńŀĽłĻ
ĉere are several requirements for achieving maximum coupling between a cavity
mode and an emiĨer. First, the cavitymode resonance needs to have spectral over-
lapwith the emiĨer. Resonant enhancement of theZPLof color (singleNV center
or SiV centers) by tuning the cavity modes using Xe gas adsorption in cryogenic
environment [Ǎǌ] or by using oxdiation methods [ǐǍ] have been demonstrated.
Second, the ėeld maximum of the cavity mode needs to have spatial overlap with
the emiĨer. ĉerefore, to have control over the position of the emiĨer is critical
toward maximizing the coupling between a emiĨer and the cavity mode. ĉere
has been previous eﬀort to created a N delta-doped layer in diamond using ni-
trogen implantation [ǉǍ, ǍǑ]. However, ion damaged introduced during nitrogen
implantation turns out to degrade the quality of NV centers created this way.
In this section, we describe our eﬀort to fabricate diamond membranes with
ƥƩNdelta-doped layer incorporated in themiddle of themembrane. ĉe ƥƩNdelta-
doped layer was incorporated using a growthmethod, which should be a less dam-
ǎǐ
aging way to introduce N into diamond [ǉǎ]. We also changed strategies to grow
diamondėlmonan ion-implantedbulkdiamond sample insteadof on the liěed-oﬀ
membranes. ĉis modiėcation allows us to generate many more diamond mem-
branes with a single growth. ĉis modiėcation also improves the stability during
handling because the overgrown layer is aĨached to the bulk diamond during the
growth process. ĉe diamond membranes with ƥƩN delta-doped layer were liěed-
oﬀ from the bulk substrate using the electrochemical etching described in chapter
Ǌ. ĉe ƥƩN delta-doped diamondmembranes showed r.m.s surface roughness of ǉ
nm and narrowRaman linewidth. We believed this is a ėrst step toward controlled
spatial coupling between the NV centers and the cavity mode by controlling the
vertical position of the NV centers.
ĉe starting material was an electronic grade type II-a CVD diamond sample
with [N] < Ǎ ppb from Element SixTM. A ǉ MeVHe+ implantation with ion dose
Ǎ  ǉǈƥƪ He+/cmƦ was performed on the bulk diamond sample. ĉe surface of
the bulk substrate was smoothwith r.m.s surface roughness ǈ.Ǌ nm in a ǉǈμm
ǉǈ μm area (see ėgure ǌ.ǋ.Ǌ(a)). A buﬀer layer was ėrst grown on the implanted
sample with isotopically puriėed ƥƦCHƨ (ǑǑ.ǑǑǑ%). ĉe growth rate was  ǐ.Ǌ
 ǋ.Ǌ nm/hour [ǉǎ]. A nitrogen doped layer was then grown by adding ǉǈ sccm
ƥƩNƦ gas (Ǒǐ% isotopically puriėed) for ǌǈminutes, resulting in a ǎ nm thick ƥƩN
delta-layer. A cap layer was grown on the ƥƩN delta-layer using identical condition
as the buﬀer layer. To create NV centers, vacancies were generated via electron
irradiation (ǊMeV energy with electron dose ǉǈƥƨ cm Ʀ), and the sample was an-
nealed in forming gas at ǐǍǈ C for Ǌ hours. ĉe surface was oxygen terminated
ǎǑ
Figure 4.3.1: (a) The starting material is a bulk CVD diamond. A 1 MeV He+
implantation was performed on the bulk diamond sample. Diamond membranes
could be lifted oﬀ from the substrate using electrochemical etching process as
described in chapter 2. (b) A SEM image of the lifted-oﬀ membrane transferred
to a Si substrate.
by an acid process (HƦSOƨ:HNOƧ:HClOƨ = ǉ:ǉ:ǉ at Ǌǈǈ C for ǋǈ minutes) in
order to stabilize the NV centers in the negatively charged state. A ǋǈǈ nm thick
SiOƦ layer was deposited on the diamond samples using PECVD as a hard mask
layer. ĉe sampleswere then paĨernedwith ǌǈǈ μm ǌǈǈ μmmesas using photo-
lithography. A SFƪ based ICP-RIE was applied to etch the SiOƦ hard mask layer,
then anOƦ-ICP-RIEwas used to transfer the paĨerns by etching into the diamond
sample. ĉe SiOƦ hard mask was removed using a buﬀered oxide etchant (BOE)
solution. We noted the surface aěer growth (r.m.s roughness ǈ.ǋǍ nm) was still
smooth but it became slightly rougher compared to surface before growth, see Fig-
ure ǌ.ǋ.Ǌ(b).
Ǐǈ
Figure 4.3.2: Surface roughness measurement before and after diamond over-
growth with delta-doped layer. (a) The r.m.s surface roughness before growth
is 0.21 nm. (b) The r.m.s surface roughness after growth is 0.35 nm over a 10
μm  10 μm area.
ĉe growth conditions are listed in table ǌ.ǋ.ǉ following an established growth
recipe from the AIST group [ǐǎ]. We noted the microwave power used here was
much lower compared to the growth condition described previously. ĉis was be-
cause the growth rate described in theprevious sections (ǎǎnm/min)wasmuch
too high if we want to control the position of the ƥƩN delta-layer very precisely. By
reducing the CHƨ/HƦ ratio from ǉ% to ǈ.ǈǊǍ%, the growth rate was slowed down
to ǐ.Ǌ ǋ.Ǌ nm/hour [ǉǎ].
Table 4.3.1: Growth condition of delta-doped diamond membranes
Microwave power Pressure CHƨ/HƦ Growth rate
ǏǍǈW ǊǍ torr ǈ.ǉ/ǌǈǈ  ǐ nm/hour
ĉe ƥƩNdelta-dopedmembraneswere liěed-oﬀ from the bulk diamond samples
by applying a ǉǋ V bias using tungsten probe tips in ultra-pure DI water. ĉe ƥƩN
delta-doped membranes were than transferred to Si substrates as shown in Figure
Ǐǉ
Figure 4.3.3: The delta-doped membranes exhibited NV luminescence and
narrow Raman linewidth. (a) NV luminescence was observed from the delta-
doped membranes. (b) The Raman peak from the delta-doped membranes was
ﬁtted with a Voigt proﬁle, the FWHM was  2.2 cm ƥ.
ǌ.ǋ.ǉ(b). ĉe template layer was etched oﬀ using an Ar-ClƦ based ICP-RIE step
followed by anOƦ-ICP-RIE process. NV luminescence was observed from the ƥƩN
delta-doped diamond membranes (Figure ǌ.ǋ.ǋ(a)) aěer thinning. ĉe ƥƩN delta-
doped diamond membranes also exhibited a narrow Raman peak ėĨed using a
Voigt proėle with FWHM Ǌ.Ǌ cm ƥ as seen in ėgure ǌ.ǋ.ǋ(b).
ǌ.ǌ SŊŁŁĵŇŏ
In this chapter we report the various growth conditions that were tried in an at-
tempt to create diamond membranes with controlled NV density and controlled
position of NV centers. ĉe ėrst experiment showed diamondmembranes grown
without nitrogen Ěow showed noNV luminescence and aRaman line as narrow as
the bulk diamond (FWHM Ǌ.Ǎ cm ƥ). ĉenmembranes with nitrogen doping
was grown and the sample did show strong NV luminescence and narrow Raman
line. ĉis result showed that controlled NV density could be achieved. Microdisk
ǏǊ
cavities fabricated from the un-doped membrane showed Q  Ǌ,Ǒǈǈ which was
comparable to the cavities fabricated previously on the high quality overgrown
membranes. ĉis result was encouraging because devices can be fabricated from
membranes with controlled density of NV centers. Finally, to maximize the cou-
pling strength, we would like to control the position of NV centers to have maxi-
mum spatial overlap with the cavity mode. Using recently demonstrated growth
techniques [ǉǎ], ƥƩN delta-doped membranes were grown on bulk ion implanted
diamond samples. ĉe ƥƩN delta-doped membranes were liěed oﬀ successfully
fromthebulk substrate. ĉesedelta-dopedmembranes grownatUCSBhave smooth
surface roughness (r.m.s roughness ǈ.ǋǍ nm), narrow Raman linewidth and ex-
hibit NV Ěuorescence.
Table 4.4.1: Raman characteristics of diamond membranes
Sample Raman peak (cm ƥ) Raman linewidth (cm ƥ)
Bulk CVD diamond ǉǋǋǋ.Ǎ ǈ.ǋǋ Ǌ.ǋ ǈ.ǉ
undoped membrane ǉǋǋǋ.ǏǑ ǈ.ǉǊ Ǌ.Ǎǌ ǈ.ǉǊ
nitrogen doped membrane - -
delta doped membrane ǉǋǋǌ.ǈǍ ǈ.ǈǑ Ǌ.ǉǏ ǈ.ǈǋ
ion damaged diamond membrane ǉǋǋǉ.ǈ ǈ.Ǌ Ǒ.Ǒ ǈ.ǌ
Diamond membranes with diﬀerent growth conditions have been character-
ized. We summarize the Raman characteristics of these membrane in table ǌ.ǌ.ǉ.
It seems that most of the overgrown material exhibit Raman line as narrow as the
bulk diamond, especially for the delta-doped membranes. ĉese results further
motivate us to fabricate optical cavities from the delta-doped membranes.
Ǐǋ
5
Single-crystal diamond photonic crystal
cavities
Ǎ.ǉ IłŉŇŃĸŊķŉĽŃł
In previous chapters, we fabricated microdisk cavities with Q  ǋ,ǈǈǈ on over-
grown diamondmembranes. In order to further enhance coupling, we would like
Ǐǌ
to fabricate photonic crystal cavities which have smallermodal volumes compared
to theWGMbased cavities with similar cavityQs. We have developed a technique
to mechanically stamp diamond membranes onto PMMA which stabilized the
membranes for further processing. Suspended structures could also be fabricated
by selectively removing the PMMA layer underneath the cavity. Photonic crys-
tal nano-beam cavities have been fabricated with Q ǌ,ǈǈǈ and V ǈ.ǌǏ (λ/n)Ƨ
in the near the NV ZPL emission ( ǎǌǈ nm) using a ƥƩN delta-doped diamond
membrane described in chapter ǌ. Building photonic crystal cavities on diamond
membranes with the ƥƩNdelta-doped layer opens up opportunities to enhance op-
tical coupling via deterministic spatial overlap between NV centers and the ėeld
maximum of the cavity mode. Cavity mode tuning on a diamond nano-beam cav-
ity was also demonstrated using gas adsorption methods. ĉe results in this chap-
ter serve as an initial eﬀort to achieve deterministic coupling both spectrally and
spatially.
Ǎ.Ǌ FĵĶŇĽķĵŉĽŃłŃĺńļŃŉŃłĽķķĵŋĽŉĽĹňĺŇŃŁĸĽĵŁŃłĸŁĹŁĶŇĵłĹň
To fabricate the photonic crystal cavities, a suspended structure is required be-
cause the cavityQ is very sensitive to the surrounding environment. Mechanically
stamping the diamond membranes onto PMMA enables us to create suspended
structure. Bonding of the diamond membranes onto PMMA also enhances the
process stability.
ǏǍ
Ǎ.Ǌ.ǉ BŃłĸĽłĻ Ńĺ ĸĽĵŁŃłĸ ŁĹŁĶŇĵłĹň
In the process of fabricating diamondmembranes from bulk substrates, the liěed-
oﬀ membranes experienced certain ion damage. ĉe inĚuence of ion damage was
manifested in its broadenedand shiěedRamanpeak [ǉǐ]. ĉeresidual iondamage
in the liěed-oﬀmembranes produced a built-in strain, which resulted in curving of
the liěed-oﬀ membranes (Figure Ǎ.Ǌ.ǉ(a)). ĉe large curvature of the diamond
membranes oěen prevented further processing, including thinning of the mem-
brane and the uniform removal of the damaged material. To minimize membrane
curvature, the membrane was mechanically stamped onto a PMMA spin coated
substrate (typically SiOǊ or Si). ĉe PMMA acted as a glue layer and held the
membrane Ěat. A schematic diagram of the bonding process is shown in Figure
Ǎ.Ǌ.ǉ(b). A Ěat membrane that has been stamped onto a PMMA layer and fol-
lowed by a ICP-RIE thinning process is shown in Figure Ǎ.Ǌ.ǉ(c).
Ǎ.Ǌ.Ǌ UłĸĹŇķŊŉ ňŉŇŊķŉŊŇĹň
Suspended structures couldbe fabricatedby selectively removing thePMMAlayer
underneath the cavity. In this subsection, we used a ǊD diamond photonic crystal
cavity as an example. ĉediamondmembraneswerebonded to aPMMAlayer and
thinned using an ICP-RIE process. SiOƦ layer was deposited on the sample using
PECVD and acted as a hard mask layer. ĉe paĨern was deėned using electron-
beam lithographywith PMMA as the electron beam resist followed by anOƦ-ICP-
RIE process to etch into the diamond membranes. We noted that aěer etching
Ǐǎ
Figure 5.2.1: (a). Diamond membrane exhibiting curvature. (b) A schematic
diagram of the stamping process. The diamond membrane is mounted on a
sample holder and stamped onto a substrate coated with PMMA. (c) A stamped
and thinned diamond membrane exhibiting uniform thickness without noticeable
curvature.
ǏǏ
Figure 5.2.2: Undercut structure could be fabricated by selectively removal of
PMMA underneath the cavity by immersing the sample in MIBK solution after
etching. (a) SEM image of a photonic crystal cavity before undercut process.
(b) SEM image of a photonic crystal cavity after undercut process.
the PMMA layer underneath the cavity still remains, which degrades the cavity Q
(Figure Ǎ.Ǌ.Ǌ(a)). In addition, the PMMA layer underneath the cavity region was
also exposed during electron beam writing. ĉerefore, undercut structures could
be fabricated by an extra developing step inmethyl isobutyl ketone (MIBK) as the
PMMA layer underneath the cavity was exposed aěer the ICP-RIE etching. An
undercut structure was fabricated as can be seen in Figure Ǎ.Ǌ.Ǌ(b).
Ǎ.ǋ PļŃŉŃłĽķķŇŏňŉĵŀķĵŋĽŉĽĹňĺĵĶŇĽķĵŉĹĸŃłĸĹŀŉĵ-ĸŃńĹĸŁĹŁ-
ĶŇĵłĹň
We would like to build photonic crystal cavities on the ƥƩN delta-doped mem-
branes. Photonic crystal cavities were chosen because of their high Q/V ratio
[ǐǏ, ǐǐ] which leads to enhanced light-maĨer interaction [ǐǑ].
Ǐǐ
Ǎ.ǋ.ǉ DĹňĽĻł Ńĺ łĵłŃ-ĶĹĵŁ ķĵŋĽŉĽĹň
ĉe choice of cavities in this sectionwere ǉ-D photonic crystal nanobeam cavities.
ĉerehasbeenmanyexperimental demonstrationsofnanobeamcavitieswithhigh
Q/V ratio in Si [Ǒǈ] and even inmaterialswith relatively low index contrast such as
SiƧNƨ [Ǒǉ]. ĉe nanobeam cavities consist of a tapered region and a Bragg mirror
region. High Q designs have been demonstrated by reducing the mode mismatch
between the mirror Bloch mode and the waveguide mode [ǑǊ]. ĉe design prin-
ciple used in this work is linearly tapering the laĨice constants to achieve gradual
conversion of the Bloch mode proėle and reduce mode mis-match [Ǒǋ–ǑǍ].
ĉe nanobeam cavity presented here consists of a tapered region sandwiched
between a Bragg mirror region with ǉǈ cells on each side. ĉe tapered region has
ǌ cells on each side that are mirror symmetrical along the y-axis with no missing
hole. ĉe laĨice constants of each cell were linearly tapered from a to ǈ.ǐǌ a (Fig-
ureǍ.ǋ.ǉ(a)). ĉe beam width (w = ǉ.ǊǍ a) and r/a (r/a = ǈ.ǋǊ) ratio were ėxed
for both the tapered region and the Bragg mirror region. ĉe holes in the tapered
region were elliptical because the laĨice constants were linearly tapered while the
r/a ratio were maintained which made the hole radius in the minor axis (y-axis)
linearly reducedwhile the hole radius in themajor axis (x-axis) remained the same
(rx = ǈ.ǋǊ a).
A FDTD simulation was performed using a commercial soěware (Lumerical
Solutions). By looking at the x-z ėeld intensity proėle of the cavitymode, wenoted
the ėeld maximum was in the middle of the device layer in the z-direction which
ǏǑ
Figure 5.3.1: (a) The nano-beam cavities consisted of a Bragg region and
a cavity region on each side that are symmetrical in the y-axis. There was
no missing hole inbetween the cavity regions. The nano-beam width and the
r/a ratio for each hole was ﬁxed. In the cavity region, the lattice constant
was linearly reduced from a to amin therefore, the holes in the cavity region are
elliptical as the hole diameter in the minor axis reduced with the lattice constant.
(b) Electric ﬁeld intensity proﬁle of the cavity mode. The modal volume of the
cavity mode was  0.47 (λ/n)Ƨ.
ǐǈ
overlapped with the ƥƩN delta-layer. ĉe cavity Q ǊǏǈ,ǈǈǈ, with modal volume
 ǈ.ǌǏ (λ/n)Ƨ was calculated using FDTD simulation. We only used ǌ linear ta-
pered cells on each side because we wanted a compromise between fabrication er-
ror and theoretical Q (diameter in the minor axis varied by Ǐ.ǋ nm between each
layer). ĉe Q of the cavity can be higher by using linear tapered structures with
ėner variation of the laĨice constants (e.g. cavity layers with ǐ linearly tapered lat-
tices showed Q Ǒ ǉǈƩ, where the diameter in the minor axis varied by ǋ.Ǌ nm
between each layer) as shown in table Ǎ.ǋ.ǉ.
Table 5.3.1: Design parameters of nanobeam cavities
a r/a w/a ntaper nBragg Q δr
Ǌǉǋ nm ǈ.ǋǊ ǉ.ǊǍ ǌ ǉǈ ǊǏǈ,ǈǈǈ ǋ.ǎǍ nm
ǊǉǏ nm ǈ.ǋǊ ǉ.ǊǍ ǐ ǉǈ Ǒǋǉ,ǈǈǈ ǌǑ,ǈǈǈ ǉ.ǎ nm
Ǎ.ǋ.Ǌ FĵĶŇĽķĵŉĽŃł Ńĺ łĵłŃ-ĶĹĵŁ ķĵŋĽŉĽĹň
Figure Ǎ.ǋ.Ǌ describes the processing steps to fabricate delta-doped membranes.
ĉe starting material was a diamond ėlm grown on an He+-implanted bulk di-
amond sample described in Chapter ǌ. A ǎǍ nm buﬀer layer was grown on the
bulk substrate followed by a ƥƩN delta-doped layer growth that was  ǎ nm and
a ǎǍ nm cap layer was grown on top of the ƥƩN delta-doped layer. ĉe diamond
membranes were liěed oﬀ from the bulk substrate using the electrochemical etch-
ing method described in chapter Ǌ. ĉe diamond membrane was transferred to a
Si substrate. ĉe membrane was then mechanically stamped onto a PMMA spin
coated Si substrate. ĉemembranewas thinned to ǊǍǈ nm thick using an argon-
ǐǉ
Figure 5.3.2: Photonic crystal cavities were fabricated on the nitrogen delta-
doped membranes. The starting material was a bulk diamond with 1 MeV
He+ implantation (dose 5  10ƥƪ He+/cmƦ). Diamond growth with ƥƩN delta-
layer was performed using a PECVD reactor. The diamond membranes were
then lifted-oﬀ using an aqueous electrochemical etching process. The diamond
membranes were ﬂipped and stamped onto a double layer of PMMA on Si that
was  1.2 μm thick. The template layer was facing up. The membranes were
thinned to  250 nm using an Ar-ClƦ based ICP-RIE process followed by an
OƦ-ICP-RIE process. Electron beam lithography was employed to pattern the
cavities using a ﬂoating oxide as the e-beam resist. The HSQ based resist served
as the hard mask and the pattern was subsequently transferred using OƦ-ICP-
RIE. The remaining hard mask was then removed by dipping the sample in
buﬀered oxide etchant.
chlorine based ICP-RIE followed by an OƦ-ICP-RIE. ĉe paĨern was wriĨen us-
ing a ǉǊǍKeV electron-beamwriter (Elionix-FǉǊǍ) with a negative tone hydrogen
silsesquioxane (HSQ) based resist (XR-ǉǍǌǉ, DowCorning). ĉeHSQbased re-
sist was then used as the hardmask for subsequentOƦ-ICP-RIE to deėne the nano-
beam paĨerns. ĉe residual hard mask was removed using a BOE solution. ĉe
SEM images of the device are shown in Figure Ǎ.ǋ.ǋ, where the thickness of the
device was measured to be ǊǍǈ nm. We note that the cavity to substrate separa-
tion was > ǉ μm as the Ǌ layer PMMA underneath the beam was etched by the OƦ
ǐǊ
Figure 5.3.3: Nano-beam cavities with lattice constant a = 213 nm and thick-
ness  250 nm were fabricated. The SEM image shows the tapered cavity region
and the Bragg layers.
plasma during the etching process and formed the undercut structure.
Ǎ.ǋ.ǋ OńŉĽķĵŀ ķļĵŇĵķŉĹŇĽŐĵŉĽŃł Ńĺ łĵłŃ-ĶĹĵŁ ķĵŋĽŉĽĹň
ĉe resulting nano-beam cavities were characterized using a confocal microscope
with a ǉǈǈ, ǈ.ǑǍ numerical aperture objective with a ǍǋǊ nm laser excitation at
room temperature. ĉe photoluminescence signal was collected through the same
objective normal to the substrate. ĉe cavity mode was ėĨed with a Lorentzian
proėle andQ as high as ǌ,ǈǈǈ was observed. Cavity mode (Q Ǌ,Ǒǈǈ) with spec-
tral overlapwasmeasured from a diﬀerent cavity. Such results suggested highQ/V
ratio diamond cavity structures with spectral overlap to theNVZPL could be fab-
ricated on the delta-doped membranes.
ǐǋ
Figure 5.3.4: Photoluminescence was measured using a confocal microscope
with 532 nm laser excitation. The cavity mode resonance was ﬁtted with a
Lorentzian proﬁle with Q  3,800. The ZPL of NV  was observed as well.
ĉe Raman peak measured from the nano-beam cavities was best ėĨed with a
Ǌ Voigt proėle. One peak centered at ǉǋǋǋ.ǋǎ cm ƥ with FWHM = Ǌ.Ǌǋ cm ƥ
corresponded to the Raman peak from overgrown membrane and another peak
centered at ǉǋǋǉ.Ǒǐ cm ƥ with FWHM = Ǎ.ǋǑ cm ƥ correspond to Raman peak
from the template material. ĉis result was not surprising because the membrane
thickness ( ǊǍǈ nm) was thicker than the overgrownmembrane (designed to be
 ǉǋǎ nm thick). ĉerefore, the cavity was a composite of the overgrown mem-
brane and the template material. ĉe long growth process ( ǊǍ hours) at high
temperature (ǐǍǈ circC) could serve as a long annealing process which restores the
less damaged part of the template material. ĉerefore, the composite material can
still exhibit cavity Q ǌ,ǈǈǈ.
ǐǌ
Figure 5.3.5: The Raman peak measured from the nano-beam cavities was
best ﬁtted with two Voigt proﬁles. Peak 1 is centered at 1333.36 cm ƥ with
FWHM = 2.23 cm ƥ (green curve). Peak 2 is a broad peak shifted to the lower
wave number centered at 1331.98 cm ƥ with FWHM = 5.39 cm ƥ (blue curve).
ǐǍ
Ǎ.ǋ.ǌ CĵŋĽŉŏ ŁŃĸĹ ŉŊłĽłĻŌĽŉļ Ļĵň ķŃłĸĹłňĵŉĽŃł
ĉe ability to tune the cavity is crucial in order to have the cavity mode in res-
onance with the ZPL emission of the NV centers because it is rare to have fab-
ricated cavities with the exact same resonance wavelength matching the emiĨer.
Resonance enhancement of NV  ZPL has been achieved in both diamondmicro-
ring resonators [Ǎǌ] and photonic crystal cavities [Ǎǎ] using Xe gas adsorption in
a cryogenic environment. Here, we present our initial aĨempt for cavity tuning us-
ing a similar concept by gas adsorption using nitrogen. Nitrogen gas was injected
into a liquid helium cooled environment such that the temperature of the device
was lower than the freezing point of nitrogen. ĉerefore, nitrogen gas near the de-
vice condensed and adsorbed onto the surface of the device. ĉe addition of extra
material on the cavity increased the cavity volume and caused the cavity mode to
shiě to longer wavelengths.
In this experiment, the cyrostat ( Janis) wasmodiėed byKaseyRussell andAlex
Woolf in our lab. A small hole was punched through the top cover of the cryostat
and a small gas tube was connected. ĉe gas tube was mounted in a position such
that it would be near the sample andnitrogen gaswas fed through a Ěow controller.
We looked at a nano-beam cavity with cavity mode at ǎǈǊ nmwithQ ǉ,ǈǈǈ and
cooled it down to ǐ K. Cavity mode tuning to as far as  ǎǊǎ nm was achieved
with adsorbed nitrogen (Figure Ǎ.ǋ.ǎ). However, the cavity Q degraded to Ǎǈǈ
near ǎǊǎ nm and themodewas not observable with further tuning. Aěer warming
up the sample back to room temperature, cavity mode with Q  ǉ,ǈǈǈ was still
ǐǎ
Figure 5.3.6: The cavity mode could be tuned using nitrogen adsorption in a
cryogenic environment. The sample was ﬁrst cooled to 8 K and then nitrogen
gas was injected through a needle near the sample.
observed with no noticeable resonance shiě.
In order to tune the cavity mode closer to theNV  ZPL, we either need to etch
the diamond with an OƦ plasma to blue shiě the cavity mode or deposit SiOǊ via
atomic layer deposition to red shiě the cavitymode. ĉen the gas adsorption tech-
nique described above could be applied for ėne tuning of the cavity mode.
Ǎ.ǌ SŊŁŁĵŇŏ
Fabricationof suspendedcavity structureswasdemonstratedbymechanically stamp-
ing the diamond membranes on a PMMA layer which was selectively etched. Di-
amond photonic crystal cavities withQ ǌ,ǈǈǈ andmodal volume ǈ.ǌǏ (λ/n)Ƨ
were fabricated on ƥƩN delta-doped membranes and are an encouraging ėrst step
ǐǏ
towards coupling diamond cavities with NV centers in predetermined positions.
Cavity tuning using nitrogen adsorption was demonstrated. ĉese results are im-
portant steps towards enhanced coupling between photonic crystal cavity modes
and NV centers.
ǐǐ
6
Conclusion and Future works
ǎ.ǉ CŃłķŀŊňĽŃłň
Much progress has been made in the ėeld of diamond photonics since the start of
this thesis [ǉǊ, ǌǊ]. Engineered photonic structures have enabled enhanced light
collection eﬃciency fromNV centers [ǌǍ, ǌǎ]. Fabrication of high quality single-
crystal diamond photonic devices have enabled observation of resonant enhance-
ǐǑ
ment of NV ZPL [Ǎǌ, Ǎǎ] and integrated photonic structures [ǍǏ, Ǎǐ]. Much of
these progresses relies on the beĨer understanding on material processing in dia-
mond.
Most of the proof of principle demonstrations until now were done in NV cen-
ters in synthetic diamond that are randomly distributed. In order to build a scaled-
up system using NV centers in diamond, it is important to have control over the
position of the NV centers. Controlling the position of NV centers with nm-scale
resolution was demonstrated using ion implantation approach and lithographic
masking [ǉǍ]. More recently, controlling the position of NV centers using dia-
mond growth was also demonstrated [ǉǎ]. Such tailored material may serve as an
important step toward having good NV centers with controlled position.
In this thesis, we presented amethod to fabricate high quality single-crystal dia-
mondmembranes throughan ion-slicingmethodcombinedwith ahomo-epitaxial
diamond growth [ǉǐ, ǉǑ]. Optical micro-cavities with Q ( ǋ,ǈǈǈ) similar to the
ones exhibited resonant enhancement of NV ZPL are fabricated using such ap-
proach further demonstrate the viability of this technology. ĉe key advantage of
the approach we developed here is that the membrane material can be tailored to-
wards speciėc needs. One example is by growing diamondmembraneswith incor-
porated SiV centers, evidenced by observing optical coupling of SiV centers with a
microdisk cavity [ǉǏ]. By fabricating a thin diamondmembrane ( ǉ.Ǐμm thick)
and overgrowing diamond membranes with controlled NV positions. Photonic
crystal cavities with Q  ǌ,ǈǈǈ were fabricated from such material which serves
as an exciting ėrst step to make a scalable diamond photonic network using such
Ǒǈ
approach.
ǎ.Ǌ OŊŉŀŃŃĿň
With the tremendous progress that has been made in the ėeld of diamond pho-
tonics, the ėeld of diamond photonics is still at an early stage compared to silicon
photonics or photonics using III-V semiconductors. Improvements in beĨer ma-
terial processing and the beĨer understanding of the material growth are required
to achieve what people dream up this system to be. We would like to point out
some future directions using the techniques developed in this thesis.
ǎ.Ǌ.ǉ TŃŌĵŇĸ ĽłŉĹĻŇĵŉĹĸ ĸĽĵŁŃłĸ ŅŊĵłŉŊŁ ńļŃŉŃłĽķň
One important issue towards scalability is to deterinisitically positioning of the
NV centers. Deterministic positioning of a single NV center and a photonic crys-
tal cavities has been demonstrated in using the hybrid approach, which use optical
cavities made from other material to couple to the NV centers. Techniques were
developed by aĨaching a nano-diamond on an AFM tip which provide a versatile
tool to position the NV centers in the x-y directions. Using such techniques ex-
periments has been done [Ǒǎ]. Other approach by scanning the photonic crystal
cavities to have spatial overlap with the NV centers has also been demonstrated
[ǑǏ]. However, such schemes relied on optical coupling between a single NV cen-
ter with the evanescent ėeld of the cavity which limits the coupling strength.
Fabrication of single-crystal diamond cavities with the NV centers embedded
within oﬀer opportunities to achieve maximum spatial overlap between a single
Ǒǉ
NV center and the cavity mode. As illustrated in ėgure ǎ.Ǌ.ǉ, by ėrst fabricating
a ƥƩNV delta-doped membranes with diluted ƥƩNV and the ƥƩNV delta-layer in the
middle of the membranes in the z-direction (same as the membranes fabricated
in chapter ǌ), the x-y position of the isolated NV centers can be identiėed using a
scanning confocal microscope. ĉe ƥƩNV centers in the delta-doped layer can be
distinguished using ESRmeasurements because the ESR frequency of ƥƩNV is dif-
ferent from ƥƨNV. Photonic crystal cavities with ėeld maximum overlapping with
the isolated ƥƩNV can be fabricated by aligning and writing with electron beam
lithography. Similar approach has been achieved in GaAs cavity with InAs quan-
tum dot (QD)which led to strong coupling between cavitymode and a singleQD
[ǋǏ].
Ultimately, fabrication of an array of NV centers with precise ǋ D positioning
will be desired. ĉe NV centers in the N delta-doped membranes are formed by
ėrst creating vacancies in the membranes using an electron irradiation followed
by a thermal annealing step to move the vacancies near the N delta-doped layer.
ĉerefore,wecan insteadperforminganelectron irradiation througha lithographic
paĨerned mask similar to the previous approach using a nitrogen implantation
[ǉǍ]. Such approach could allow NV centers be formed in a predetermined po-
sition deėned in all three dimensions. By avoiding the nitrogen implantation, high
quality NV could be generated using this method. Cavities can then be fabricated
using approach mentioned in the previous paragraph. Such approach may further
increase the scalability of diamond photonic network.
Another goal is to fabricate diamond membranes with uniform thickness for
ǑǊ
Figure 6.2.1: Maximum spatial overlap could be achieve by fabricating caivties
on delta-doped membranes. (a) Diamond membranes with NV delta-doped layer
in the middle can be fabricated. (b) Isolated NV (green circle) could be identiﬁed
using scanning confocal microscopy and ESR measurement. (c) Device could be
made around the isolated NV using alignment write. Such approach is similar
to the deterministic coupling approach demonstrated by Kevin Hennessy in InAs
quantum dots system [37].
Ǒǋ
scalable diamond photonic structures. Diamondmembrane thickness can vary by
 ǉǈǈ nmacross ǌǈǈ μmrange. ĉis is not a problem for demonstration of a single
device, however, such variation makes it diﬃcult to fabricate integrated photonic
network since the thickness variation will inĚuence the resonance wavelength of
the optical cavities. ĉe reason of the membrane thickness variation is thought
to be due to etch non-uniformity during the ICP-RIE diamond thinning process.
ĉerefore, by reducing the templatemembrane thickness lessmaterial would need
tobe etched. ĉe templatemembrane thickness is determinedby the implantation
conditions, therefore, its thickness can be reduced by choosing a lower implanta-
tion energy and heavier ion. In ėgure ǎ.Ǌ.Ǌ, SRIM simulation indicates a template
membrane thickness ǌǈǈ nm can be fabricated. Diamondmembranes with uni-
form thicknessmay be fabricated by growing on diamondwith lower implantation
energy following fabrication procedures introduced in chapter ǋ.
ǎ.Ǌ.Ǌ BŃŔŃŁ Ŋń ĸĽĵŁŃłĸ ńļŃŉŃłĽķň
High quality diamond can be grown on the diamond membranes. By perform-
ingdiamondgrowth through lithographicpaĨernedmask, photonic structures can
be fabricated using a boĨom up approach. Devices such as photonic crystal laser
has been fabricated using such approach in III-V semiconductors [Ǒǐ]. ĉe pro-
cess schematic is illustrated in ėgure ǎ.Ǌ.ǋ(a), a diamondmembrane is used as the
growth template, a SiOƦ layer is depoisted on the membrane. ĉe paĨern is de-
ėned using electron beam lithography and followed by a SiOƦ etching. A diamond
overgrowth is then applied, the structures are thenbonded to a dielectric substrate.
Ǒǌ
Figure 6.2.2: SRIM simulation of vacancy proﬁle of carbon implantation in
diamond with 385 KeV and ion dose 6  10ƥƩ ion/cmƦ. The heavily damaged
layer is  400 nm into the substrate corresponding to a template membrane
thickness  400 nm.
and the templatemembrane is removed using ICP-RIE process. A ėrst experiment
on diamond growth through the aperture is depicted in Figure ǎ.Ǌ.ǋ(b). An array
of diamond pillar is grown on bulk diamond with paĨerned SiOƦ mask, the SiOƦ
was subsequently removedusingBOEanddiamondpillar array couldbeobserved.
ĉis technique can be used to grow photonic crystals, microdisks, or other pho-
tonic structures.
ǎ.Ǌ.ǋ OŉļĹŇ ĵńńŀĽķĵŉĽŃłň ĺŃŇ ĸĽĵŁŃłĸ ŁĹŁĶŇĵłĹň
Diamond has a high Young’smodulus and lowmass density which alsomakes it an
interestingmaterial formechanical applications [ǑǑ]. By using a diamond on insu-
lator structure through bonding of diamond membranes, single-crystal diamond
mechanical resonators can be fabricated and exhibit high Q factor even at room
ǑǍ
Figure 6.2.3: Diamond growth through a masked layer enables fabrication of
photonic structures using bottom up approach. (a) A SiOƦ (red) is deposited
on a diamond membrane (yellow) using PECVD. The pattern is deﬁned by
electron beam lithography followed by a SFƪ based ICP-RIE process. Diamond
overgrowth is subsequently applied to growth through patterns. The structure
is then ﬂipped and bonded to dielectric layer and the template membrane is
removed by OƦ-ICP-RIE, leaving behind a diamond pillar array. (b) An SEM
image of initial eﬀort growing an array of diamond pillars through a SiOƦ mask
layer. Courtesy of Igor Aharonovich.
Ǒǎ
temperatures [ǉǈǈ, ǉǈǉ]. Such results open up opportunities to incorporate NV
centers in diamond mechanical resonators for magnetic ėeld sensing [ǉǈǊ, ǉǈǋ],
ground state cooling [ǉǈǌ] ormechanical control over spin state [ǉǈǍ]. ĉe strate-
gies to positionNV centers in the diamondmembranes can be applied to fabricate
diamond mechanical resonators with NV centers in desired positions.
Webelieve there aremanyother applicationswherehighquality diamondmem-
branes can be useful, not limited only to photonic applications. We are hoping the
techniques developed in this thesis will see wide-spread applications as material
processing, physics, device fabrication of diamond get more mature.
ǑǏ
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